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The p38 mitogen activated protein kinase (MAPK) has a 
crucial role in cells’ stress adaptation and survival. It also plays a 
role in physiological processes such as differentiation of skeletal 
muscle or in pathologies such as cancer. 
 
In response to environmental stresses, a delay in cell cycle 
progression is required for cell adaptation. In the present study, we 
demonstrate that p38 MAPK maximizes cell survival upon stress by 
downregulating the E2F transcriptional program through the direct 
targeting of Retinoblastoma (RB) protein, a key regulator of the 
G1/S transition. p38 phosphorylation of RB at specific sites in the N 
terminus increases its affinity towards E2F, represses E2F-driven 
gene expression, and delays cell-cycle progression. These 
phosphorylation events render RB insensitive to CDK regulation, 
converting it into a strong suppressor of cell proliferation. 
Remarkably, the expression of a phosphomimetic RB mutant in 
cancer cell lines reduces colony formation and decreases their 
proliferative and tumorigenic potential in a mouse xenograft model. 
 
The p38 MAPK signaling pathway is also a major regulator 
of myogenesis (the process whereby quiescent muscle stem cells -
satellite cells- expand and differentiate to form muscle fibers), by 
inducing cell cycle withdrawal and the expression of the muscle-
specific transcriptional program. RB is also a regulator of the 
myogenic differentiation process. We explored the possible role of 
p38 in muscle cell differentiation using normal myoblasts and 
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rhabdomyosarcoma (RMS) cells (which are defective in p38 MAPK 
activation), via RB phosphorylation. Our results strongly suggest 
that, despite the important role of p38 for differentiation of both 
myogenic models, this function does not depend on p38-
phosphorylated RB. 
 
p38 MAPK has also been associated to aging of muscle 
stem cells. Aged satellite cells have a cell-autonomous increase in 
the activity of p38, thus contributing to defective control of 
quiescence, expansion and self-renewal capacities. In this study 
we show that p38α-deficient aged satellite cells display an 
increased proliferative capacity and reduced levels of senescence-
associated markers. Moreover, we demonstrate that attenuation of 
p38 signaling enhanced the regenerative capacity of aged satellite 
cells. These findings have potential biomedical implications for 
regeneration of old skeletal muscle. 
 
 
Keywords: p38 MAPK, RB, stress, cell cycle, proliferation, skeletal 
muscle differentiation, muscle stem cells, satellite cells, aging, 














p38 MAPK tiene un papel fundamental en la adaptación al 
estrés y la supervivencia celular. Además, también regula otros 
procesos fisiológicos como la diferenciación del músculo 
esquelético o patologías como el cáncer.  
 
En respuesta a estrés, la célula requiere un retraso en la 
progresión del ciclo celular para adaptarse. En el presente estudio, 
demostramos que p38 MAPK maximiza la supervivencia celular en 
repuesta a estrés mediante la regulación negativa del programa 
E2F actuando directamente sobre la proteína Retinoblastoma 
(RB), un regulador clave de la transición G1/S. p38 fosforila a RB 
en sitios específicos en el extremo N terminal, aumenta su afinidad 
hacia E2F, reprime la expresión génica dirigida por E2F y retrasa 
la progresión del ciclo celular. Estas fosforilaciones hacen que RB 
sea insensible a la regulación por CDKs, convirtiéndolo en un 
fuerte supresor de la proliferación celular. Sorprendentemente, la 
expresión de un mutante RB fosfomimético en líneas celulares de 
cáncer reduce la formación de colonias y disminuye su potencial 
proliferativo y tumorogénico en un modelo de xenoinjerto en ratón. 
 
La vía de señalización de p38 MAPK es también un 
importante regulador de la miogénesis (el proceso por el cual las 
células madre musculares -células satélite- en quiescencia se 
expanden y diferencian para formar fibras musculares), mediante 
la inducción de una parada del ciclo celular y la expresión del 
programa transcripcional específico del músculo. Hemos estudiado 
el posible papel de p38 en la diferenciación miogénica, empleando 
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modelos de mioblastos normales y de células de 
rhabdomyosarcoma (RMS) (los cuales tienen un defecto en la 
activación de p38), a través de la fosforilación de RB. Nuestros 
resultados sugieren que, a pesar de la importancia de p38 en la 
diferenciación de ambos modelos miogénicos, dicha function no 
depende de la fosforilación de RB por p38.  
 
p38 MAPK también se ha asociado al envejecimiento de las 
células madre musculares. Las células satélite envejecidas sufren 
un aumento en la actividad de p38, lo que contribuye a una 
deficiente capacidad para mantener la quiescencia, expansión y 
autorrenovación. En este estudio, mostramos que las células 
satélite envejecidas deficientes en p38α muestran una capacidad 
proliferativa aumentada y niveles reducidos de marcadores 
asociados a la senescencia. Además, demostramos que la 
atenuación de la señalización por p38 aumenta la capacidad 
regenerativa de las células satélite envejecidas. Estos hallazgos 
tienen potenciales implicaciones biomédicas para la regeneración 
del músculo esquelético durante la vejez. 
 
 
Palabras clave: p38 MAPK, RB, estrés, ciclo celular, proliferación, 
diferenciación del músculo esquelético, células madre musculares, 
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1. Signaling pathways and cell adaptation. 
 
During lifetime, cells have to adapt to different situations in 
their microenvironment to maintain homeostasis. Eukaryotic cells 
can sense extracellular stimuli to generate a quick response 
through signaling cascades in order to survive to a stress situation 
or, in the case of progenitor cells, to start a process to become a 
mature differentiated cell. Cell proliferation, differentiation, tissue 
repair, and even cell death, are often regulated by signaling 
pathways that respond and control different aspects of cell 
physiology according to its needs. 
 
Cells interact with molecules from their microenvironment or 
neighboring cells as ligands binding to cell surface receptors. 
These ligands include mitogens, hormones, neurotransmitters, 
cytokines or growth factors, among others, which activate cellular 
receptors, resulting generally in the activation of second 
messengers. This activation takes place by enzymatic 
modifications of the messengers, often by the addition of a 
phosphate group by kinases (phosphorylation) or the removal of it 
by phosphatases (dephosphorylation). This signal can be 
recognized by the next component downstream of the cascade, 
and ultimately, leads to an intracellular response, such as alteration 
in the expression of a gene or even the induction or repression of a 
whole process. 
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Diverse signaling cascades have been described to 
orchestrate physiological processes. Among them, mitogen-
activated protein kinase (MAPK) signaling pathways are critical in 
situations of environmental stress, sensing extracellular stimuli that 
are converted into an intracellular response for cellular adaptation 
(Cuenda and Rosseau, 2007). These pathways are crucial for cell 
fate, and their deficient regulation can lead to loss of homeostasis 
and diseases, thus impairing cell functions, and resulting in the 
cell’s inability to survive or in an abnormal or uncontrolled cell 
proliferation that can result in cancer (Cuenda and Rosseau, 2007).   
 
1.1. Mitogen-activated protein kinase (MAPK) modules. 
 
MAPK pathways mediate signal transduction from cell 
surface receptors to downstream effectors (as transcription factors) 
that lead to cellular responses like cell proliferation, growth, motility, 
survival and apoptosis, and play a role in physiopathological 
processes such as cancer, immune disorders and 
neurodegenerative diseases (Cuenda and Rosseau, 2007). 
 
MAPK pathways are organized in modules (Figure i1), and 
exert their functions through the sequential activation of three 
distinct layers of kinases: MAPKK kinases (MAPKKK, MAP3K, or 
MEKK), MAPK kinases (MAPKK, MAP2K, MKK or MEK) and 
MAPK. MAPKKKs usually get activated by its interaction with small 
G-proteins or phosphorylation by protein kinases downstream from 
cell surface receptors (Cuevas et al., 2007). Once activated, they 
directly phosphorylate MAPKKs, which in turn activate MAPKs by 
dual phosphorylation of conserved threonine and tyrosine residues 
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in the TXY motif at the activation loop (Canagarajah et al., 1997; 
English et al., 1999). The existence of docking sites allows the 
selective activation of MAPK by MAPKKs, providing them with high 
signaling specificity (Bardwell and Thorner 1996). Additionally, the 
association with specific multi-domain scaffolding proteins, which 
interact simultaneously with several components, contributes to 
further substrate specificity and regulates its spatio-temporal 




Figure i1: MAPK pathways. ERKs, JNKs, and p38 signaling pathways 
respond to different types of stimuli and trigger diverse cellular responses. 
Main signaling molecules are represented. 
 
1.2. MAPK families. 
 
Three main MAPK families have been described in 
multicellular organisms (Chang and Karin, 2001): the extracellular 
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signal-regulated kinases (ERK), the jun-amino-terminal kinases 
(JNK) and p38 kinases (Figure i1). 
 
The ERK module is mainly involved in cell growth and 
differentiation and it can be divided into two main subfamilies: ERK 
1/2 and ERK5. The ERK 1/2 pathway is activated by 
phosphorylation on a TEY motif in its activation segment by 
subsequent activation or A-raf MAPKKK and MEK1/2 MAPKKs, in 
response to mitogens and growth factors (McKay and Morrison 
2007; Shaul and Seger 2007). In the case of ERK 5, signaling 
through MEKK2,3 and MEK5 are described to be responsible of 
their activation, and it takes place upon stimulation by growth 
factors, but also by cellular stress (Wang and Tournier, 2006).   
 
The JNK stress-activated protein kinase (SAPK) proteins 
are encoded by three genes, MAPK8 (which encodes JNK1), 
MAPK9 (JNK2) and MAPK10 (JNK3), which are alternatively 
spliced to give at least ten isoforms (Gupta et al., 1996). JNK1 and 
JNK2 are expressed in almost every tissue, whereas JNK3 is 
mainly found in the brain (Cuevas et al., 2007; Bode and Dong, 
2007). JNKs can be activated by the upstream MKK4 and MKK7 
kinases, which in turn are described to be regulated by the 
MAPKKKs LZK, MEKK1 and 4, MLK2 and 3, TAK1, ASK1 and 
TPL2. A key JNK target is the transcription factor AP1, which 
regulate the transcription of a plethora of target genes that contain 
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2. p38 MAPK signaling pathway. 
 
The mammalian p38 MAPK family includes four different 
isoforms: p38α (MAPK14 or SAPK2a), β (MAPK11 or SAPK2b), γ 
(MAPK12, ERK6 or SAPK3) and δ (MAPK13 or SAPK4) (Nebreda 
and Porras, 2000). These four isoforms are encoded by different 
genes (MAPK11-14) and are differently represented in mammalian 
tissues, being p38α and p38β ubiquitously expressed in the vast 
majority of cell types. Remarkably, while p38α is highly abundant, 
p38β appears to be expressed at very low levels and its 
contribution to p38 MAPK signaling is not clear. The other isoforms 
are expressed in a more restrictive and tissue-specific manner: 
p38γ is mainly expressed in skeletal muscle and the δ isoform is 
expressed in testis, pancreas, kidney and small intestine (Ono and 
Han, 2000). Despite they have a 60-70% sequence homology 
(Goedert et al., 1997) and overlapping specificity for their 
substrates, some differences between them have been reported 
(Ono and Han, 2000; Goedert et al., 1997). Some studies have 
described the functional redundancy between the p38 family 
members when they were genetically deleted, observing that the 
lack of one isoform can usually be complemented by the function of 
the other isoforms (Sabio et al. 2005).  
 
2.1. Mechanisms of activation. 
 
The p38 MAPK pathway becomes activated by 
environmental stresses such as high osmolarity, UV irradiation, 
heat shock, hypoxia, oxidative stress, and inflammatory cytokines 
(Cuadrado and Nebreda, 2010). p38 MAPK activation requires a 
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dual phosphorylation at Thr-Gly-Tyr (TGY motif) in the activation 
loop sequence by upstream MAPKKs. These phosphorylations,that 
take place in Thr180 and Tyr182 residues and induce 
conformational changes that stabilize this flexible loop in an open 
and extended conformation, thus facilitating the binding of different 
substrates (Raingeaud et al., 1995) (Figure i2). Three dual-
specificity MAPKKs are capable to activate p38 MAPK family 
members: while MKK6 is able to phosphorylate all family members, 
MKK3 activates α, γ, and δ, but not β isoform. Both MAPKKs are 
highly specific for p38 MAPKs (Enslen et al., 1998; Alonso et al., 
2000). Moreover, MKK4, an activator of the JNK pathway, has 
been also described to do this function (Doza et al., 1995; Brancho 
et al., 2003). The relative contribution of these MAPKKs to p38 
activation depends on the stimulus and the cell type, due to 
variations in its expression levels depending on the cell type.  
 
Pyrimidyl-imidazole drugs, such as SB203580, are specific 
inhibitors of p38α and β isoforms through competitive binding at the 
ATP-binding pocket (Goedert et al., 1997) (Figure i2). Other 
inhibitors such as BIRB796 lead to a conformational kinase 
reorganization that prevents ATP binding and activation of all p38 
MAPK isoforms (Pargellis et al., 2002). 
 
A wide variety of MAPKKKs have been proved to 
orchestrate p38 activation. This is the case for MEKK (MAPK/ERK 
kinase kinase) 3 and MEKK4, TAK1 (TGFβ-activated kinase 1), 
ASK1 (apoptosis signal-regulating kinase 1), DLK1 (dual-leucine-
zipper-bearing kinase 1), MLK3 (mixed-lineage kinase 3), TPL2 
(tumour progression loci 2), TAO (thousand-and-one amino acid) 1 
and 2, and ZAK1 (leucine zipper and sterile-α motif kinase 1). 
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Moreover, some MAPKKKs that trigger p38 MAPK activation can 
also activate the JNK pathway. There is also a high degree of 
complexity upstream of the cascade, where the activation of 
MAPKKKs involves the phosphorylation by STE20 family kinases 
and association with small GTP-binding proteins of the Rho family 
together with ubiquitination-based mechanisms. Through these 
high diverse regulatory mechanisms, cells have the ability to 
respond to many different stimuli, facilitating both signal fine-tuning 
and cross-talk with other pathways (Cuevas et al., 2007).  
 
 
Figure i2: p38 MAPK activation, and inhibition by specific inhibitors. 
p38 is activated through ATP-dependent dual phosphorylation at the 
activation loop. A conformational change allows the binding to its 
substrates. Pyrimidyl-imidazole drugs as SB203580, an ATP analog, 
competes for the ATP binding site and the kinase remains inactive. 
Adapted from Coulthard et al., 2009. 
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Following activation and induced by the conformational 
change upon phosphorylation on the activation loop, p38 
translocates from the cytoplasm to the nucleus, where is able to 
activate specific substrates through docking-mediated interactions 
(Raingeaud et al. 1996). p38 MAPKs are able to phosphorylate 
specific substrates on serine or threonine residues followed by a 
proline (S/TP sites), leading to modulation of diverse physiological 
processes. Nevertheless, occasional reports have shown the 
phosphorylation of non-proline-directed sites by p38 MAPKs 
(Cheung et al., 2003; Reynolds et al., 2000). 
 
p38 MAPKs also have kinase-independent functions, 
attributed to direct binding to targets in the absence of 
phosphorylation. In Saccharomyces cerevisiae, the p38 MAPK 
analog Hog1 is directly recruited to chromatin as a component of 
transcription complexes in response to osmotic stress, and some of 
its gene-expression regulatory functions might not require Hog1 
kinase activity (Alepuz et al., 2003; de Nadal and Posas, 2010). 
This chromatin association has been also reported in mammalian 
cells in response to stress (Ferreiro et al., 2012b) and during 
muscle differentiation (Segales et al., 2016a).  
 
p38 targets in the nucleus include transcription factors, 
chromatin remodeling enzymes, protein kinases and RNA binding 
proteins. p38 can also target and phosphorylate cytoplasmic 
proteins involved in apoptosis, endocytosis, mRNA stability, protein 
degradation and localization, cell migration or cytoskeleton 
dynamics (Trempolec et al., 2013).  
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2.2. Regulation of the p38 MAPK pathway. 
 
Inactivation of the p38 MAPK pathway is mainly achieved 
by the activity of several phosphatases that target the Thr and Tyr 
residues in the activation loop and removes the phosphate groups 
responsible for the activation of the pathway. Generic 
phosphatases that dephosphorylate Serine/Threonine residues, 
including PP (protein phosphatase) 2A and PP2C (as Wip1), or 
tyrosine residues, such as STEP (striatal enriched tyrosine 
phosphatase), and HePTP (haematopoietic protein tyrosine 
phosphatase) lead to monophosphorylated MAPK forms (Askari et 
al, 2009; Lindqvist et al, 2009; McAlees et al., 2009). These 
variants have been proved to be 10-20-fold less active 
(phosphoresidue Thr180 alone) or even inactive (Tyr182 residue 
alone), albeit its biological significance remains to be unraveled 
(Zhang et al., 2008). 
 
The DUSPs (dual-specificity phosphatases)/MKPs (MAPK 
phosphatases) family members, which dephosphorylate both 
phosphotyrosine and phosphothreonine residues, have also been 
described to regulate MAPK activity. Most MKPs include a dual-
specific phosphatase domain and a docking domain that mediates 
the interaction with the MAPK substrate. Furthermore, the 
association of MAPK to the MKP docking domain increases its 
phosphatase activity. MKPs 1, 4, 5 and 7 are able to 
dephosphorylate p38α and p38β in addition to JNK MAPKs. 
Remarkably, different stimuli known to activate MAPK signaling 
lead to a transcriptional up-regulation of some MKPs, and are 
thought to play an outstanding role limiting the extent of MAPK 
activation (Owens and Keyse, 2007).  
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Although p38 activity is generally controlled by 
phosphorylation by upstream kinases and dephosphorylation by 
specific phosphatases, additional regulatory mechanisms are 
involved in the regulation of the pathway. Among them, scaffolding 
proteins and compartmentalization of the MAPK components, 
alterations in protein expression and post-translational 
modifications have been reported (reviewed in Cuadrado and 
Nebreda 2010). 
 
2.3. Physiological functions regulated by p38 signaling 
pathway. 
 
Besides controlling cellular responses to different 
environmental and genotoxic stresses, p38 is able to regulate a 
wide range of biological processes going from immune responses 
and inflammation, to proliferation, differentiation and cell migration 
(reviewed in Cuadrado and Nebreda, 2010; Kyriakis and Avruch, 
2012) (Figure i3). Deregulation of the p38 MAPK pathway has 
been involved in the development of different pathologies, such as 
cancer, inflammatory states, cardiovascular dysfunctions or 
Alzheimer’s disease (Cuenda and Rousseau, 2007). 
 
2.3.1. Cell survival. 
 
Cells are continuously exposed to different kinds of insults 
to which they have to adapt. p38 MAPKs participate in the cell’s 
decision to survive or die depending on the cell type and the 
duration and strength of the insult. 
 



































Figure i3: Physiological processes regulated by the p38 MAPK 
signaling pathway. p38 is activated by extracellular stimuli and regulates 
several physiological processes.  
 
 
On one hand, p38 can induce apoptosis through a number 
of transcriptional and post-transcriptional mechanisms. For 
example, p38 targets and directly phosphorylates BimEL protein, a 
member of the Bcl-2 family considered as key components of the 
cell death machinery (Cai et al., 2006). At a transcriptional level, 
p38 activation of FOXO3a transcription factor and later induction of 
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BimEL expression has also been defined as a novel apoptotic 
mechanism (Cai and Xia, 2008). p38 also plays a major role in an 
integrated regulation of N-terminal phosphorylation that regulates 
p53-mediated apoptosis following UV radiation (Bulavin et al., 
1999). p38α also sensitizes cells to apoptosis via both up-
regulation of proapoptotic proteins (as Bax and Fas) and down-
regulation of survival pathways in mouse cardiomyocytes and 
fibroblasts (Porras et al., 2004). 
 
On the other hand, the p38 signaling pathway promotes cell 
growth and survival mediating the induction of antiapoptotic 
inflammatory cues, autophagy programs, or by indirect regulation 
of genes associated with cell survival (reviewed in Thornton and 
Rincon, 2009). 
 
2.3.2. Regulation of gene expression. 
 
When cells are challenged by different kinds of stress, 
extensive changes in gene expression have to be made in order to 
adapt, and p38 tightly regulates this process. Whole genome 
analysis in mouse embryonic fibroblasts (MEFs) upon different 
insults (as osmostress, TNFα and the protein synthesis inhibitor 
anisomycin) revealed that the expression of more than 60% of 
early-induced genes was mediated by p38 (Ferreiro et al., 2010a). 
Further transcriptome analysis showed that, among the p38-
induced genes, there was a clear enrichment in transcription 
factors. This suggests that p38 is able to coordinate a 
comprehensive transcriptional program involved in long-term 
adaptation to stress (Ferreiro et al., 2010a). 
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The regulation of mRNA biogenesis is one of the key 
processes in the induction of p38-regulated gene expression in 
response to stress. Gene expression is triggered following p38 
recruitment to chromatin by association with specific transcription 
factors (Chow and Davis, 2006; Edmunds and Mahadevan, 2004), 
which allows the subsequent recruitment of the RNA Pol II machin 
ery and transcription initiation (Ferreiro et al., 2010b). Furthermore, 
p38 has also been described to target transcription factors and 
chromatin-remodeling enzymes, modulating its stability, localization 
and its interaction with DNA and other regulatory proteins. As an 
example in the context of muscle differentiation, the SWI/SNF 
complex subunit BAF60c is phosphorylated by p38, allowing 
chromatin remodeling and activation of muscle-specific promoters 
(Forcales et al., 2011).  
 
A direct phosphorylation by p38 has been reported in a high 
number of transcription factors including ATFs (1, 2, and 6), SAP1 
and 2, CHOP, Elk1, p53, or members of the muscle transcriptional 
coactivators of the myocyte enhancer factor 2 (MEF2) family 
(MEF2A, MEF2C, and MEF2D) (Cuadrado and Nebreda, 2010; 
Edmunds and Mahadevan, 2004; de Nadal et al., 2011). In 
addition, other kinases downstream of p38 such as mitogen and 
stress-activated kinase 1 (MSK1) and MSK2 are able to 
phosphorylate other transcription factors as CREB, ATF1, NFκB, 
STAT1 and STAT3 (Wiggin et al., 2002; Zhang et al., 2001; Zhang 
et al., 2004), and nucleosomal proteins as histone H3 and 
highmobility- group 14 (HMG-14) (Arthur, 2008) (Figure i4).  
 
Besides modulating mRNA biogenesis, p38 is also 
implicated in the regulation of mRNA stability and translation 
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(Cargnello and Roux, 2011; Tiedje et al., 2014). Additionally, p38 
acts on some mRNAs through regulation of the RNA binding 
protein HuR (Farooq et al., 2009; Lafarga et al., 2009; Tiedje et al., 
2012). Furthermore, p38 is able to target the MAPK signal-
integrating kinase Mnk, which phosphorylates the eukaryotic 
initiation factor 4E (eIF4E), leading to rapid adjustment of protein 
































Figure i4: Regulation of gene expression by p38 MAPKs. Upon its 
activation, p38 targets a high variety of substrates including downstream 
kinases, transcription factors and chromatin remodeling-enzymes, in order 
to exert its functions. 
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2.3.3. Cell cycle. 
 
p38 MAPKs can control cell growth through the activation of 
different cell cycle checkpoints, and accordingly, acting as tumor 
suppressors (Ambrosino and Nebreda, 2001; Bulavin and Fornace, 
2004). Upon stress, p38 controls cell cycle arrest at G1/S and 
G2/M phase transitions, dependent on different mechanisms 
(Reinhardt et al., 2007; Cuadrado et al., 2009; Lafarga et al., 2009). 
 
In G1 phase, p38 is able to phosphorylate the CDC25A 
phosphatase upon osmostress, which promotes its degradation 
and in turn leads to a delayed G1/S transition (Goloudina et al., 
2003). The same outcome is achieved through direct activation of 
p53, which results in the accumulation of the cyclin-dependent 
kinase (CDK) inhibitor p21CIP1, one of its direct targets (Kim et al., 
2002; Kishi et al., 2001). Moreover, the activation of the p38 MAPK 
cascade in CCL39 fibroblast cell line significantly decreases cyclin 
D1 transcription and translation and, conversely, its inhibition by 
SB203580 has an opposite enhancing effect (Lavoie et al., 1997). 
In agreement with this, p38α has been involved in the inhibition of 
the proliferation-promoting JNK pathway, inducing the upregulation 
of the JNK phosphatase MKP-1, and leading to downregulation of 
cyclin D1 expression and induction of cell cycle withdrawal in the 
context of muscle differentiation (explained in detail in following 
chapters) (Perdiguero et al., 2007b). Interestingly, p38 (and JNK) 
was also proposed to inactivate retinoblastoma (RB) protein, a key 
regulator of the restriction point transition in G1, upon Fas 
stimulation (Wang et al., 1999); nonetheless, the direct targeting of 
RB by these kinases and the underlying mechanism was never 
demonstrated. More recently, Joaquin and collaborators showed 
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how p38 directly targets the p57KIP2 CDK inhibitor, which leads to a 
reduced cyclin A/CDK2 activity, delaying cell cycle progression and 
increasing cell survival upon stress (Joaquin et al., 2012). 
 
p38 has also been implicated in the control of G2 to M 
phase progression by delaying G2/M transition in response to DNA 
damage. The activation and stabilization of p53 (Bulavin et al., 
1999; Huang et al., 1999; She et al., 2001; She et al., 2000) and 
the inhibition of the CDC25B phosphatase (Bulavin et al., 2001; 
Lemaire et al., 2006) have been proposed as the possible 
mechanisms.  Moreover, the p38 downstream kinase MAPKAP 
kinase (MK) 2 can also phosphorylate CDC25B (Lemaire et al., 
2006). Additionally, this G2/M delay has also been observed in 
cells subjected to osmostress, but the exact contribution of p38 has 
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3. Retinoblastoma (RB) protein and cell cycle 
regulation. 
 
The retinoblastoma (RB) tumor suppressor protein and its 
closely-related family members are found in organisms as distantly 
related as mammals, plants, and insects (reviewed in van den 
Heuvel and Dyson, 2008). Among them, these proteins are 
essential regulators of cell cycle progression from G1 to S phase 
through the negative regulation of E2F transcription factors. During 
cell cycle, RB is inactivated by cyclin-dependent kinase (CDK) 
phosphorylation, allowing E2F-mediated gene expression (Henley 
and Dick, 2012). In this context, RB exerts their functions through 
direct association with chromatin remodelers and modifiers that 
contribute to the repression of genes important for cell cycle 
progression (Brehm and Kouzarides, 1999).  
 
RB has emerged as a multi-functional adaptor protein that is 
able to bind to a high variety of protein partners. RB function is 
mainly related to its ability to regulate cell cycle progression, which 
has a direct impact on cell proliferation, differentiation and 
senescence. Recent studies have found additional tumour-
suppressor functions of RB, including alternative roles in cell cycle, 
maintenance of genome stability and apoptosis (Dick and Rubin, 
2013; Vélez-Cruz and Johnson, 2017). Remarkably, inactivation of 
the RB pathway is one of the most fundamental events in the 
inhibition of cell proliferation that might lead to cancer (Henley and 
Dick, 2012). 
 
INTRODUCTION    
20 
 
3.1. The pocket protein family. 
 
RB is the most studied member of the pocket protein family, 
which is composed of RB (p105, RB1 gene), p107 (RBL1 gene), 
and p130 (RBL2 gene). The RB gene (RB1) was first identified 
based on its mutation in a rare malignancy of the eye (Friend et al., 
1986; Lee et al., 1987). 
 
Many structural properties shared by the RB family 
members were unraveled form crystallographic data (Figure i5A). 
The most common sequence homology is located in the well-
conserved small pocket region, which contains the A and B 
domains that are separated by a flexible spacer region (Classon 
and Dyson, 2001). The small pocket is considered the minimal 
fragment able to interact with viral oncoproteins, like E1A and Tag, 
which induce aberrant proliferation (Hu et al., 1990). Inside this 
region, a LXCXE motif contacts a shallow groove on RB, being one 
of the most conserved structures among pocket family, and among 
pocket proteins across species (Lee et al., 1998). Moreover, a high 
number of cellular proteins have been reported to contain an 
LXCXE-like motif, allowing them them to interact with RB, p107 and 
p130 (Dick, 2007). Many of these LXCXE containing proteins have 
chromatin regulatory activity, or are constituents of complexes that 
have this function. 
 
On the other hand, the large pocket fragment has been 
recognized as the combination of the small pocket and the C-
terminal region (Figure i5A), and it is the minimal growth 
suppressing domain found in the pocket protein family (Bremner et  




Figure i5: Schematic representation of the pocket protein family 
structure. A, The small pocket is the minimal region required to bind to 
oncoviral proteins through their LXCXE motif. The large pocket is the 
minimal growth suppressing domain and able to interact with E2F 
transcription factors. B, Comparison of pocket proteins ORF structures. 
We highlight the main structural differences between RB and its relatives 
p107 and p130. Adapted from Henley and Dick, 2012. 
 
 
al., 1995). This region is sufficient to associate with E2Fs and 
suppress their transcription (Hiebert et al., 1992; Qin et al., 1992), 
and plays an essential role in their ability to control proliferation. 
Finally, the N-terminal domain is formed by two rigidly connected 
cyclin-like folds, highly similar to the A and B boxes of the RB 
pocket, and this architecture is shared by the other pocket proteins 
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(Figure i5A) (Hassler et al., 2007). Due to its highly disordered 
nature, this region has been crystallized only in part, which has 
hindered its further study (Burke et al., 2010, 2012).  
 
Two exclusive features of RB that have emerged recently 
are a docking site for the E2F1 transcription factor, and a C-
terminal short peptide region that is competitively occupied by 
CDKs or protein phosphatase 1 (PP1) (Figure i5B). A number of 
structures in p107 and p130 are absent in RB, as the characteristic 
insertions in the B domain at their small pockets. In p130, this 
region is subjected to regulatory phosphorylation to maintain 
protein stability (Litovchick et al., 2004). Moreover, p107 and p130 
contain longer spacer regions than RB, allowing them to bind stably 
with CDK complexes (Lacy and Whyte, 1997; Zhu et al., 1995; 
Woo et al., 1997), and a region in the N-terminus that has been 
related to CDK function inhibition (Woo et al., 1997). Altogether, 
these structural features allow pocket proteins to interact with 
numerous binding partners, and is intimately related with their 
function controlling cell cycle progression.  
 
3.2. Cell cycle regulation by the RB protein family. 
 
Cell cycle advancement harbors a high degree of 
complexity and its regulation involves the participation of a number 
of players, including the pocket protein family, E2F transcription 
factors, cyclin-CDK complexes, CDK inhibitor (CKI) proteins or 
chromatin-remodeling and modifying complexes. 
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3.2.1. The E2F family of transcription factors. 
 
 The RB transcriptional repressor plays a key role in cell 
cycle progression (Dick and Rubin, 2013; Chinnam and Goodrich, 
2011; van den Heuvel and Dyson, 2008). RB function in cell cycle 
control is mediated through its association with E2Fs at the 
promoters of genes important for S phase progression and cell 
proliferation. Their association either blocks the recruitment of 
transcriptional co-activators or recruits transcriptional co-repressors 
to these promoters, thus inhibiting the expression of these genes 
and repressing G1/S cell cycle transition. 
 
 
Figure i6: Interactions among pocket proteins and E2F transcription 
factors. RB preferentially binds to activator E2Fs (E2F1-3a), as well as to 
E2F3b, which mainly functions as a repressor. p107 and p130 
preferentially associate with repressor E2Fs (E2F4-5). E2F6-8 are 
transcriptional repressor complexes without binding pocket proteins. E2F6 
functions as a repressor, and has been purified in complexes with 
polycomb-group (PcG) proteins. E2F1-6 form heterodimers with DP1-4 
proteins to allow DNA binding (not shown), while E2F7 and E2F8 
associate as homo- or heterodimers and are thought to recruit repressor 
complexes to DNA. Adapted from van den Heuvel and Dyson, 2008.   
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The E2F family of transcription factors (E2F1-8, identified in 
mouse cells) are the main target of the pocket protein family of 
transcriptional repressors (Trimarchi and Lees, 2002; Degregori 
and Johnson, 2006). Biochemical studies subdivide the E2F 
proteins into different classes with distinct modes of action (Figure 
i6). E2F1-3a are associated with transcriptional activation and 
preferentially targeted by RB. E2F3b (encoded in the same locus 
as E2F3a), E2F4 and E2F5 are transcriptional repressors and are 
generally associated to p107 and p130. Besides, E2F6-8 function 
as transcriptional repressors independently of pocket proteins 
association. Interestingly, E2F6 has been purified in complexes 
with polycomb-group (PcG) proteins (Attwooll et al., 2004; Ogawa 
et al., 2002; Trimarchi et al., 2001). Of note, E2F1–E2F6 harbour 
conserved dimerization domains and form DNA-binding 
heterodimers with proteins of the differentiation-regulated 
transcription factor-1 polypeptide (DP) family. E2F7 and E2F8 lack 
a DP-binding domain but contain the tandem repeats of an E2F 
DNA-binding domain, and are able to form homodimers and 
heterodimers (van den Heuvel and Dyson, 2008).   
 
The best-characterized member of the E2F family is E2F1, 
which is frequently amplified in human cancers (cBioPortal for 
Cancer Genomics). E2F1 has important roles not only in the 
transcriptional regulation of cell cycle-related genes, but also in the 
induction of apoptosis (Degregori and Johnson, 2006; Polager and 
Ginsberg, 2008), and has also been involved in guarding genome 
stability after the induction of DNA double strand breaks and UV 
damage (Biswas and Johnson, 2012; Vélez-Cruz and Johnson, 
2012; Vélez-Cruz et al., 2016; Biswas et al., 2014).  
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3.2.2. Pocket proteins in advancing cell cycle 
 
RB is the major negative regulator of the G1/S phase 
transition in mammalian cells (Friend et al., 1986; Cobrinik, 2005; 
Henley and Dick, 2012), but also participates in other cell cycle 
stages. Here, we will summarize the main events involved in cell 
cycle progression through the G1 and S phase. 
 
3.2.2.1. G0 and G1 phase. 
  
Among the three pocket proteins, p130 is the most 
expressed pocket protein in quiescence, also referred to as G0 
(Figure i7A), and the majority of E2F-containing complexes include 
p130 and E2F4 (Moberg et al., 1996; Hurford et al., 1997). In this 
stage, RB is found in complex with E2Fs and its expression is low 
but detectable, while p107 is nearly undetectable (Moberg et al., 
1996; Hurford et al., 1997).  
 
In addition to E2F targets, pocket proteins also participate in 
transcriptional repression of rRNA and tRNA genes during 
quiescence (Cobrinik, 2005). While both RB and p130 have been 
described to repress rRNA transcription (Ciarmatori et al., 2001; 
Cavanaugh et al., 1995; Hannan et al., 2000), the regulation of 
tRNA levels appears to be RB-specific (Scott et al., 2001, White et 
al., 1996). The increase in rRNA and tRNA levels at the onset of 
G1 phase involves pocket proteins phosphorylation to relieve this 
transcriptional repression (Cobrinik, 2005).  
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During the G1 phase, all three pocket proteins are able to 
interact with E2Fs (Figure i7B). In early G1, p130-E2F4 is the most 
abundant complex on the E2F-responsive promoters mediating the 
transcriptional silencing of these genes (Wells et al., 2000; 
Takahashi et al., 2000). In mid- to late G1, a decrease in p130 
levels goes together with an increase in p107 expression, replacing 
it at E2F-responsive promoters (Takahashi et al., 2000). By late 
G1, RB-E2F complexes become more abundant (Wells et al., 
2000), and RB associates at this point with activator E2Fs in a 
conformation that masks the E2F activation region and prevents 
transcriptional activation (Hiebert et al., 1992; Helin et al., 1993; 
Flemington et al., 1993; Zamanian and Thange, 1993). Whether 
RB-E2F complexes are present at the E2F-regulated promoters 
remains as an open question (Wells et al., 2000; Takahashi et al., 
2000). What is clear is that the pocket family cooperate to inhibit 
E2F-regulated transcription both in G0 and G1 phase. 
 
Among the E2F target genes subjected to this regulation 
there are activator E2Fs, cell cycle regulators such as cyclins A 
and E, and RB and p107 themselves (Hurford et al., 1999; Wells et 
al., 2000; Takahashi et al., 2000; Mulligan et al., 1998). Others 
include constituents of the replication machinery such as DNA pol α 
and the proliferating cell nuclear antigen (PCNA), along with 
enzymes involved in nucleotide biosynthesis (Dagnino et al., 1995; 
Lavia and Jansen-Durr, 1999). The mechanism that leads 
individual E2F-pocket protein complexes to be selective for their 
target promoters beyond the E2F recognition sequence is 
unknown. While some promoters are specifically regulated by p130 
and p107, like b-Myb (Hurford et al., 1999), and others are 
exclusively regulated by RB, such as p107 itself (Hurford et al., 
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1999; Takahashi et al., 2000; Williams et al., 2006), some have 
been reported to be occupied unselectively by all pocket family 
members (Wells et al., 2000).  
 
E2F regulation is often associated with the recruitment of 
transcriptional repressors, which in many cases bear chromatin 
regulating enzymatic activity, to E2F- pocket protein complexes 
(Classon and Harlow, 2002). This allows directed specific 
enzymatic activities to localized chromatin domains at these 
promoters. Pocket proteins associate to chromatin remodeling 
factors (CRFs) through its LXCXE binding cleft and recruit these 
complexes to E2F-responsive promoters, where they contribute to 
chromatin condensation and transcriptional repression. Chromatin 
remodeling enzymes as SWI/SNF (BRG and BRM), histone 
deacetylases (HDAC1, 2 and 3), and histone methyltransferases 
(Suv39h1 and 2) have been reported to interact with RB, among 
others (Robertson et al., 2000; Brehm et al., 1998; Dunaief et al., 
1994; Luo et al., 1998; Magnaghi et al., 1998; Vandel et al., 2001; 
Nielsen et al., 2001; Morrison et al., 2002). These interacting 
proteins diversity allows pocket proteins to exert widespread effects 
on chromatin structure. The relevance of repressive modes of 
chromatin along G1 progression remains unclear. Some works 
have reported that mutations in the LXCXE binding cleft of RB, 
disrupting its association with chromatin regulators, is not 
accompanied with a defect in regulation of G1 progression (Isaac 
et al., 2006), but a deficiency for this association does compromise 
cell cycle exit (Francis et al., 2009). 
 
 




Figure i7: Model of pocket protein regulation in advancing cell cycle. 
A, In G0, quiescent cells repress E2F target transcription mainly through 
the actions of p130. B, In G1, p107-repressor E2Fs complexes start to 
replace p130, and RB-activator E2Fs complexes become more abundant. 
Chromatin remodeling factors (CRFs), as histone deacetylases (HDACs), 
are recruited to at the E2F promoters and mediate alterations at the 
chromatin, repressing E2F-mediated gene expression. C, At the G1/S 
transition, cyclin/CDKs phosphorylate pocket proteins, forcing its 
dissociation from E2F/DP heterodimers and allowing transcription of E2F 
target genes through the S phase. The repressive heterochromatin 
changes present in G1 are reversed by the recruitment of histone 
acetyltransferases (HATs). p130 and 107 proteins and repressor E2F-DP 
complexes are exported to the cytoplasm. Adapted from Henley and Dick, 
2012. 
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Pocket proteins ability to bind to E2Fs is dependent on its 
phosphorylation status, which is mainly regulated by CDKs 
(Mittnacht, 1998). While slow-migrating hyperphosphorylated forms 
are extensively modified and do not associate to E2Fs, the fastest 
migrating hypophosphorylated forms are modified at very few 
positions and are capable to associate with E2F transcription 
factors. It is critical for cells to maintain low CDK activity until the 
end of G1. Accordingly, the mechanisms regulating CDK activity 
are essential for understanding pocket protein function during the 
G1 phase (Mittnacht, 1998).  
 
CDK regulation has several layers of control, from the 
association with cyclin subunits into complexes to regulatory 
phosphorylation that modulates its catalytic activity. Nevertheless, 
the most relevant mechanism controlling pocket proteins activity is 
at the level of CDK inhibitor (CKI) proteins, since they act directly 
upstream of CDKs to block its catalytic activity. There are two main 
families of CKIs: the CIP/KIP family (which is composed by p21CIP1, 
p27KIP1 and p57KIP2) and the INK4 family (that consists of p16INK4a, 
p15INK4b, p18INK4c, and p19INK4d) (Besson et al., 2008). CIP/KIP 
inhibitors can bind both CDKs and cyclins and inhibit its kinase 
activity, and are capable to inhibit any G1 cyclin/CDK complex. 
Conversely, INK4 members can bind only CDK4 and CDK6 in 
association with D-type cyclins (Sherr and Roberts, 1999). p27KIP1 
has a critical function in determining the onset of the S-phase. In 
G1, p27KIP1 expression levels are moderately high and cyclin 
E/CDK2 kinase activity remains low, thus preventing the initiation of 
DNA synthesis (Sherr and Roberts, 1999). Cyclin D/CDK4 and 
cyclin D/CDK6 complexes are the first to become active in G1 and 
they start to phosphorylate the pocket proteins (Mittnacht, 1998). 
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When cells approach the end of G1, the pocket proteins are 
partially phosphorylated and allow limited transcription by activator 
E2Fs, which start to stimulate cyclin E production and in turn 
generate more cyclin E/CDK2 kinase activity (Mittnacht, 1998; 
Sherr and Roberts, 1999). The most important barrier to full 
activation of this kinase complex is the interaction with and 
inhibition by p27KIP1 (Sherr and Roberts, 1999). This is eventually 
overcome by p27KIP1 phosphorylation by cyclin E/CDK2, which 
results in its targeting for degradation and allowing full kinase 
activation and entry into S-phase. Thus, p27KIP1 has an important 
role modulating kinase activity to keep pocket proteins active in G1. 
 
In addition to CKI families, p107 and p130 also act as CDK 
inhibitors by its direct binding to cyclin/CDK complexes (Zhu et al., 
1995; Howe and Bayley, 1992; Faha et al., 1992; Ewen et al., 
1992; Hauser et al., 1997), and this function is not shared by RB 
(Castano et al., 1998). In fact, p107 has demonstrated to be as 
effective as p21CIP1 (Castano et al., 1998). Two independent 
regions in p107 and p130 demonstrated to mediate their ability of 
to inhibit cyclin E/CDK2 and cyclin A/CDK2 complexes (Figure 
i5B): the spacer region between the A and B pockets, and the 
highly conserved region in the N-terminal domain (Lacy and Whyte, 
1997; Woo et al., 1997). The combination of these dual domains 
allows p107 and p130 to inhibit kinase activity, interacting with high 
affinity to cyclin/CDK complexes through the spacer region, and 
efficiently inhibiting its activity through its N-terminal region 
(Castano et al., 1998). Indeed, some studies showed that deletion 
of the spacer region in p130 was sufficient to inhibit cyclin E and A 
binding, albeit this mutant could still suppress cell growth, 
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confirming that this function is modulated by different regions of the 
protein (Lacy and Whyte, 1997).  
 
Despite that RB does not display an analogous kinase 
inhibitory domain as the other family members (Figure i5B), it 
regulates cyclin/CDK activity through inhibitor proteins. RB 
interferes in the targeted degradation of p27KIP1 to maintain G1 
kinase activity at low levels at a number of steps in the degradation 
pathway (Ji et al., 2004; Binne et al., 2007). To maintain p27KIP1 
expression, RB functions as a scaffold that associates with APC-
Cdh1 and Skp2, simultaneously targeting Skp2 for ubiquitin-
mediated degradation (Binne et al., 2007). Since Skp2 is an 
adaptor that is required for p27KIP1 degradation, this results in a net 
reduction of G1 CDK activity. Moreover, RB interaction with Skp2 
competes for its binding with phosphorylated p27KIP1 (Ji et al., 
2004). Hence, RB preserves CDK activity inhibition during G1 by 
directly inhibiting p27KIP1 ubiquitination. Other studies have also 
suggested that p107 participates in Skp2 degradation, resulting in a 
delay in S-phase entry (Rodier et al., 2005; Sangwan et al., 2012). 
Compared to E2F regulation, how pocket proteins regulate p27KIP1 
expression remains poorly understood, but some studies have 
suggested that it may be as critical as E2F regulation in the control 
through G1 progression (Ji et al., 2004; Binne et al., 2007). 
 
3.2.2.2. G1/S phase transition and progression through 
S-phase. 
 
The transition into S-phase is crucial for mammalian cells 
given that, once DNA replication starts, the cell cycle must advance 
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to complete cell division. The commitment step to initiate DNA 
replication (often been termed as the ‘restriction point’) has many 
features that guarantee cells progression from G1 to S-phase and 
not in the reverse direction, which can lead to genome instability 
and conceivably cancer (Henley and Dick, 2012). It has been 
suggested that the release of E2F from RB control by 
phosphorylation corresponds specifically with the commitment point 
(Yao et al., 2008). 
 
The irreversible advancement to S-phase is ensured by a 
feed forward loop between G1 cyclin/CDKs and RB. RB 
phosphorylation by cyclin E/CDK2 leads to its dissociation from 
activator E2Fs, which ensure additional cyclin E transcription and 
generate more kinase activity towards RB, leading to an increase in 
free E2Fs and even more cyclin E transcription. Concomitantly, 
cyclin E/CDK2 become fully active as a consequence of p27KIP1 
phosphorylation leading to its targetting for degradation (Sherr and 
Roberts, 1999). Once cells progress to S-phase DNA synthesis is 
initiated, cyclin E/CDK2 complexes phosphorylate other cyclin E 
subunits, leading to its degradation, and cyclin E/CDK2 activity 
comes to an end (Classon and Dyson, 2001). The other members 
of the pocket family are also phosphorylated in an analogous 
manner, releasing their associated E2F transcription factors 
(Classon and Dyson, 2001). In addition, a fraction of these pocket 
proteins are exported to the cytoplasm, where they form complexes 
with repressor E2Fs (Verona et al., 1997; Chestukhin et al., 2002) 
(Figure i7C). Once released from RB regulation, activator E2Fs 
interact with histone acetyltransferase (HAT) enzymes like p300 
(Figure i7C), which mediate histone H3 and H4 acetylation, 
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allowing E2F target genes transcription required to complete the S 
phase (Frolov and Dyson, 2003).  
 
Finally, RB and the other pocket proteins are inactivated at 
the beggining of the S-phase, remaining functionless until its 
dephosphorylation at the end of mitosis (Henley and Dick, 2012). 
Several studies indicated that RB-E2F1 complexes exist in S-
phase and are resistant to cyclin/CDK phosphorylation (Calbo et 
al., 2002: Ianari et al., 2009) (Figure i7C). One explanation is that 
RB has different mechanisms to interact with E2Fs, and one is 
exclusive to E2F1 (Dick and Dyson, 2003; Cecchini and Dick, 
2011) (Figure i5B). RB bound to E2F1 in its CDK resistant 
configuration has altered DNA binding specificity compared with 
other E2F complexes (Dick and Dyson, 2003). One suggested 
function is that hyperphosphorylated RB-E2F1 complexes 
participate in the transcriptional repression of proapoptotic E2F 
target genes while its ability to drive proliferation is active (Dick and 
Dyson, 2003). This mechanism has been reported as an S-phase 
checkpoint as a consequence of disrupted DNA replication 
following DNA damage (Karantza et al., 1993; Sever-Chroneos et 
al., 2001). Thus, RB can remain active in a background of high 
CDK activity (Markham et al., 2006; Chan et al., 2001).  
 
3.2.2.3. Post-translational modifications modulate RB 
function. 
 
RB phosphorylation by CDKs is the canonical mechanism 
leading to its inactivation during cell-cycle progression (Hassler et 
al., 2007; Burke et al., 2010, 2012). The global conformational 
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changes that occur upon RB phosphorylation are site specific and 
remarkably diverse, providing RB with different functional outputs 
(Rubin et al., 2013). Nevertheless, other post-translational 
modifications in specific RB residues, such as acetylation or 
methylation among others, have an impact on RB activity (reviewed 
in MacDonald and Dick, 2013).  
 
3.2.2.3.1. The RB phosphorylation code. 
 
The relative contribution of specific RB domains and 
phosphorylation sites in the regulation of cell cycle, E2F 
association, and E2F transcription have been investigated (Burke 
et al., 2010; Harbour et al., 1999; Brown et al., 1999; Knudsen and 
Wang, 1997; Chew et al., 1998; Lents et al., 2006). Supported by 
structural analysis, these studies revealed that diverse 
phosphorylation events at the pocket loop, the interdomain loop, 
and the C-terminal domain can induce unique conformational 
changes that contribute to RB inactivation by inhibiting E2F binding 
(Rubin et al, 2005; Burke et al., 2010, 2012) (Figure i8). CDK 
phosphorylation usually stimulates protein-protein interactions by 
creating a phosphoepitope that becomes structured upon 
association with its target (Hao et al., 2007; Orlicky et al., 2003). 
Conversely, RB phosphorylation disrupts the association with other 
proteins by promoting interdomain interactions within RB, rendering 
its structure incompatible with its binding partners (Rubin et al., 
2005; Hassler et al., 2007; Burke et al., 2010, 2012). Thus, the 
disordered-to-ordered transitions in RB are completely 
intramolecular and result in the inhibition of intermolecular 
association (Rubin et al., 2013). 




Figure i8: Model of unphosphorylated and phosphorylated RB and 
its putative partners obtained from crystal structures. A, RB contains 
16 consensus S/TP phosphorylation sites distributed along its sequence, 
but largely excluded from the small pocket. B, In the unphosphorylated 
state, the pocket domain binds the E2F transactivation domain (E2FTD) 
and a second binding interface exists between RB C-terminus (RbC) and 
the ‘marked box’ domains of E2F and its heterodimer partner DP 
(E2FMB–DPMB). The pocket domain contains a cleft within its second 
helical subdomain, which binds a linear LXCXE sequence. C, 
Phosphorylation-induced conformational changes result in RB–E2FTD 
complex inhibition. The association between the pocket domain and 
E2FTD is inhibited by S608/S612 and T373 phosphorylation. S608/S612 
phosphorylation induces RB pocket loop (RbPL) binding to the pocket 
domain. Adapted from Rubin, 2013. 
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RB contains 16 consensus CDK phosphorylation sites 
(serine and threonine residues) in disordered regions of the protein 
that are distributed along the spacer region and the N- and C-
terminal regions, being largely excluded from the small pocket 
(Lees et al., 1991; Adams et al., 1999; Knudsen and Wang, 1997; 
Brown et al., 1999). Phosphoprotein analysis by mass 
spectrometry confirmed the phosphorylation of 13 of the 16 
consensus CDK sites in human RB (Dephoure et al., 2008; Olsen 
et al., 2010) (Figure i8A). In the non-phosphorylated state, the 
pocket domain interacts with the E2F transactivation domain 
(E2FTD) in a cleft flanked by the two helical subdomains (Figure 
i8B) (Lee et al., 2002; Xiao et al., 2003). A second binding surface 
exists between the C-terminal domain and the ‘marked box’ 
domains of E2F and DP (E2FMB–DPMB) (Rubin et al., 2005). The 
RBCN and RBCcore regions at the C-terminus are responsible for 
this secondary interaction (Figure i8B). While RBC marked box 
interaction has been observed between RB and all E2Fs in vitro 
(Rubin et al., 2005), this association appears exclusive for E2F1 in 
vivo, and mediates the specific function of E2F1 inducing apoptosis 
(Julian et al., 2008; Dick and Dyson, 2003). 
 
During cell cycle, the initial RB phosphorylation events in 
early G1 phase are catalyzed by CDK4 or CDK6 activated by cyclin 
D (Ezhevsky et al., 1997; Zarkowska and Mittnacht, 1997) and in 
vitro phosphorylation studies showed to occur on S249, T252, 
T356, S608, S788, S807, S811, and S826 sites (Zarkowska and 
Mittnacht, 1997). Later, phosphorylation by cyclin D/CDK4 or 6 
and/or cyclin E/CDK2 phosphorylates T5, T373, and S795, and in 
late G1, cyclin E/CDK2 complexes mediate the phosphorylation of 
S612 and T821 (Zarkowska and Mittnacht, 1997). RB ability to 
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block cell proliferation cannot be disrupted by mutation of individual 
phosphorylation sites, demonstrating that no single site modulates 
RB interaction with E2F (Knudsen and Wang, 1997; Brown et al., 
1999). Instead, several works demonstrated that the modification of 
the majority of RB phosphorylation sites are needed to abrogate 
E2F binding, and the phosphorylation of multiple regions is 
required for E2F-RB dissociation (Knudsen and Wang, 1997) 
(Figure i8C). The current understanding is that the initial 
phosphorylations of the C-terminal domain initiate structural 
changes to RB resulting in the establishment of intramolecular 
interactions, leading to the exposure of secondary CDK 
phosphorylation sites. As the cells enter late G1, the newly 
exposed CDK sites are phosphorylated, leading to conformational 
changes within RB and resulting in a disruption of the E2F binding 
cleft within the pocket domain. Thus, different combinations of 
phosphorylation events catalyzed by CDKs inactivate RB by 
changing the binding affinity for E2Fs, and possibly other 
interacting proteins as well (reviewed in MacDonald and Dick, 
2013). Remarkably, phosphorylation at T373 site at the N-terminal 
domain proved to be the only event sufficient and necessary for 
complete RB inactivation (Brown et al., 1999; Knudsen and Wang, 
1997; Lents et al., 2006), pointing to allosteric RB N terminus-
pocket docking as a potential mechanism for E2F release. 
 
RB pocket affinity for E2F is strong, and redundancy is 
needed for collective inhibition. Indeed, several studies have 
reported that multiple phosphorylation events additively inhibit RB-
E2F interaction and E2F transcriptional repression (Burke et al., 
2010; Brown et al., 1999; Knudsen and Wang, 1997). More in 
detail, RB phosphorylation at T821/T826 sites induce RB C-
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terminal binding to the pocket domain (Rubin et al., 2005), thus 
inhibiting protein partners association, including viral oncoproteins 
or deacetylases, to the LXCXE cleft. Moreover, T821/T826 sites 
immediately precede the RB C-terminal domain sequence required 
for E2F1–DP binding, and its phosphorylation is also incompatible 
with RB C-terminal domain binding to the marked-box domains 
(Figures i8B and i8C). S788/S795 phosphorylation in the C-
terminal region also inhibits RB interaction with E2F1–DP (Rubin et 
al., 2005). Other phosphorylations at the pocket domain and the N-
terminal region, such as S608/S612 and T373, have also shown to 
be relevant for E2F binding inhibition (Burke et al., 2010, 2012). 
S608/S612 phosphorylation mediates RB pocket loop interaction 
with the pocket domain in a manner that mimics and competes with 
E2F (Burke et al., 2010, 2012). T373 phosphorylation generates a 
hydrophobic surface that binds a cleft in the N terminus, thus 
allosterically disrupting E2F binding (Burke et al., 2012). 
Interestingly, there are structural differences in how T373 
(allosteric) and S608/S612 phosphorylation (competitive) inhibit 
E2F. The allosteric change is an efficient mechanism to release 
bound E2Fs, while the competitive binding of RB prevents free E2F 
binding. The interdomain interface promoted by T373 
phosphorylation, also inhibits other proteins interaction at the 
LXCXE cleft (Burke et al., 2012).  
 
The structural effects of phosphorylation on other CDK sites 
remain poorly understood. As an example, several studies reported 
that RB phosphorylation at S259/T252 sites does not have a clear 
effect on E2F inhibition, and does not influence the mechanism 
induced by T373 phosphorylation (Burke et al., 2010, 2012). 
S259/T252 phosphorylation disrupts E1A-like inhibitor of 
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differentiation (EID1) binding to the N terminus, a factor known to 
inhibit RB interactions with transcription-repressing chromatin 
factors and replication origin complex proteins (Hassler et al., 2007; 
Ahlander et al., 2008), being these interactions of an electrostatic 
nature (Hassler et al., 2007).  
 
The analysis of the phosphorylation events by CDKs in 
other pocket proteins remains poorly characterized. However, 
phosphoproteomic databases as PhosphositePlus suggest that 
p107 and p130 are also phosphorylated in similar regions 
surrounding the pocket region (PhosphositePlus). 
 
3.2.2.3.2. Additional post-translational modifications that 
modulate RB activity. 
 
Another means of post-translational regulation of RB 
function involves acetylation and methylation of lysine and arginine 
residues. Recruitment of RB into the p300/CPB transcriptional co-
activator complex by binding the viral oncoprotein E1A leads to the 
acetylation of RB on K873/K874 in the C-terminus by the histone 
acetyltransferase activity inherent to this complex (Chan et al., 
2001). Acetylation at these sites increases the affinity of RB for 
Mdm2 and exerts a negative influence on RB cyclin/CDK 
dependent phosphorylation, thus maintaining RB in an active state 
(Chan and La Thangue, 2001). Such a state of activation is 
desirable in cells that are terminally differentiated. Indeed, it was 
noted that acetylation of RB increased in differentiating U927 cells 
(Chan and La Thangue, 2001). In another study, RB acetylation 
was observed in differentiating myocytes (Nguyen et al., 2004). 
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PCAF, the p300/CBP associated factor, was found to associate 
with and acetylate RB on K873/874 in these cells. In addition, 
acetylation of RB was necessary for proper transactivation of MyoD 
(Nguyen et al., 2004). 
 
In contrast to acetylation, which occurs only on lysine 
residues, methylation occurs on both lysine and arginine residues 
(Ng et al., 2012), and has been implicated in transcriptional 
regulation. Recently, the mono-methyltransferase Set7/9 was 
shown to actively methylate RB at K873 and at K810. When RB is 
methylated at K873, a docking site for the heterochromatin binding 
protein HP1 is created (Munro et al., 2010). HP1 binds methylated 
histones and functions to repress transcriptional activity by 
regulating the structure of chromatin (Hediger and Gasser, 2006). 
 
3.2.3. Other physiological processes regulated by RB. 
 
Several studies highlighted other cell cycle-independent 
functions of RB in mediating apoptosis or maintaining genomic 
stability. The role of RB in other processes, such as irreversible cell 
cycle arrest in differentiating muscle cells, will be assessed in the 
next chapter.  
 
As we mentioned above, in response to genotoxic stress, 
E2F1 mediates the upregulation of proapoptotic genes in 
proliferating cells, and RB inhibits E2F1-induced apoptosis by 
repressing E2F transcription (Hallstrom and Nevins, 2009; Iaquinta 
and Lees, 2007). More consistent with its role as a tumor 
suppressor, RB also proved to stimulate proapoptotic gene 
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expression (Ianari et al., 2009). Phosphorylated RB is found in 
complex with E2F1 at the promoters of actively transcribed genes 
following DNA damage, and it is dependent on E2F1-specific 
association with C-Terminal RB (Julian et al., 2008; Dick and 
Dyson, 2003). Remarkably, these complexes have been observed 
during S phase even in the absence of DNA damage, however, the 
specific RB phosphorylation sites remain unknown (Cecchini and 
Dick, 2011; Wells et al., 2003) (Figure i7C).  
 
RB has also been related with the maintenance of 
chromosome structure during mitosis, which explains the 
chromosomal instability (CIN) and aneuploidy reported upon RB 
loss (Manning and Dyson, 2011). Chromosome instability by the 
lack of a functional RB has been linked to a lack of regulation of 
checkpoint and replication genes early in the cell cycle, leading to 
chromosome errors later in division, and to a deficient recruitment 
of factors involved in chromatin condensation and histone 
modifications (Longworth et al., 2008; Coschi et al., 2010; Manning 
et al., 2010). Interestingly, cells expressing a mutant with specific 
defects in the RB LXCXE binding cleft (RBΔL) recapitulated the 
mitotic chromosomal defects, while properly regulated E2F-
dependent transcription (Isaac et al., 2006; Coschi et al., 2010). All 
these data would confirm that protection against CIN is, at least 
partially, an E2F-independent activity, and phosphorylation events 
inactivating RB functions during mitosis would be related with the 
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4. Skeletal muscle differentiation, growth and 
regeneration. 
 
The regulation of skeletal muscle formation (myogenesis) is 
essential for normal development as well as in pathological 
conditions such as muscular dystrophies and inflammatory 
myopathies. Adult skeletal muscle is a postmitotic tissue composed 
of muscle fibers (myofibers), whose primary function is contraction, 
which allows organisms to generate force and facilitates voluntary 
movement. This tissue is also essential for the regulation of whole-
body metabolism. Myogenesis is a multi-step and dynamic process 
by which mature myofibers are formed from satellite cells, the 
skeletal muscle stem cells (Cornelison and Perdiguero, 2017). 
These cells are normally in quiescence, and in response to injury, 
they activate and proliferate into myoblasts, which differentiate into 
postmitotic mononuclear myocytes that fuse into multinucleated 
myofibers. All these steps are controlled by myogenic regulatory 
factors (MRFs), which regulate the subsequent activation of 
muscle-specific genes (Cornelison and Perdiguero, 2017). 
Myogenesis is tightly regulated at the transcriptional and 
translational levels, being these processes in turn modulated by 
complex epigenetic mechanisms. Many signaling pathways 
regulate myogenesis, including the PI3K/AKT and p38 MAPK 
cascades, and cell cycle regulators as RB (Segalés et al., 2016b).  
 
Aging of skeletal muscle is associated with reduction of 
muscle mass and performance that is clinically described as 
sarcopenia (Alway et al., 2014; Glass and Roubenoff, 2010; 
Mitchell et al., 2012). Sarcopenia is known to increase the 
INTRODUCTION    
44 
 
predisposition to muscle injury (Faulkner et al., 1995) and, 
concomitantly, aging is associated with a progressive decline in 
satellite cell number and function resulting in defective tissue 
regeneration in rodents and humans (Brack et al., 2005; 
Chakkalakal et al., 2012; Sousa-Victor et al., 2014a; Verdijk et al., 
2012, 2014; Zwetsloot et al., 2013; Conboy et al., 2003, 2005; 
Garcia-Prat et al., 2016; Collins et al., 2007; Cosgrove et al., 2014). 
 
4.1. Skeletal muscle function. 
 
Skeletal muscle has evolved to allow precise movement in 
animals, and also allows other vital functions, such as breathing 
and metabolism. The functional unit of skeletal muscle is the 
myofiber, able to generate force by contraction. Each myofiber is 
composed by myofibrils, which in turn contain thousands of 
sarcomeres, where the actin and myosin filaments are organized 
and interact to produce the force (Figure i9). As indicated above, 
myofibers are multinucleated syncitial cells generated by the fusion 
of myoblasts during embryonic and fetal development (Mintz and 
Baker, 1967). 
 
Skeletal muscle has an outstanding regenerative capacity, 
even after severe damage that causes extensive myofiber necrosis 
(Rosenblatt, 1992). As myonuclei are postmitotic, muscle repair 
and regeneration replies on its muscle stem cells (satellite cells) 
(Figure i9), which are located in a niche on the surface of the 
myofibre between the sarcolemma and the basal lamina (Katz, 
1961; Mauro, 1961).  
 




Figure i9: Muscle structure and the satellite cell niche.  
Relaix and Zammit, 2012. 
 
 
4.2. Skeletal muscle differentiation. 
 
In resting adult muscles, satellite cells remain in a dormant 
state known as quiescence (a reversible G0 state). Different 
stimuli, associated with injury or disease, induce satellite cell 
activation and expansion as myoblasts. This process generally 
results in an asymmetric division, where one daughter cell commits 
to differentiate (committed progenitor cell) and is able to proliferate, 
differentiate, and fuse to generate mature myofibers, and the other 
daughter cell is capable to self-renew and return to quiescence to 
replenish the stem cell pool (Brack and Rando, 2012; Wang et al., 
2014) (Figure i10). 





Figure i10: Schematic overview of satellite cell-driven myogenesis. 
Satellite cells remain in a quiescent state in adult muscles. Upon injury or 
disease, this population becomes activated and undergoes asymmetric 
division to generate a self-renewing daughter cell and a committed 
progenitor or myoblast, which proliferates, differentiates into myocytes, 
and fuses to form myotubes and new myofibers during adult muscle 
regeneration. In green, characteristic markers at the different myogenic 
stages. Adapted from Segalés et al., 2016. 
 
 
Satellite cell quiescence is characterized by the high 
expression of the paired-box transcription factor Pax7, considered 
to be the definitive marker for satellite cells, although Pax3 is also 
expressed in some satellite cell subpopulations located in certain 
anatomical locations (Gros et al., 2005; Kassar-Duchossoy et al., 
2005; Relaix et al., 2006; Seale et al., 2000, 2004). Pax7 and Pax3 
are thought to be the main regulators of muscle cell specification 
and tissue formation during the embryonic development (Chang 
and Rudnicki, 2014; Comai and Tajbakhsh, 2014; Soleimani et al., 
2012a). Pax7 has an essential role in adult muscle stem cells 
maintenance and expansion, and this was demonstrated in several 
studies where long-term Pax7 ablation resulted in adult satellite 
cells loss, which results in an impaired muscle regeneration after 
injury, confirming its requirement for adult muscle repair (Lepper et 
al., 2011; Sambasivan et al., 2011; von Maltzahn et al., 2013; 
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Brack et al., 2014). Furthermore, Pax7 inactivation also leads to 
diminished heterochromatin condensation in adult satellite cells 
(Gunther et al., 2013), suggesting a role for Pax7 in chromatin 
organization, a function also suggested for Pax3 (Bulut-Karslioglu 
et al., 2012). 
 
Many signals from the regenerative microenvironment 
mediate satellite cells’ activation, including adhesion molecules, 
necrotic cues released from the damaged fibers, and/or growth 
factors and cytokines produced by neighboring cells, such as 
interstitial cells, resident macrophages, fibroblasts, and 
microvasculature-related cells (Giordani and Puri, 2013; Judson et 
al., 2013; Pannerec et al., 2013; Brancaccio and Palacios, 2015). 
These extracellular signals are transmitted to the myogenic cell 
nucleus through signaling cascades, including the p38 MAPK and 
the PI3K/AKT pathways (Cuenda and Cohen, 1999; Wu et al., 
2000; Keren et al., 2006; Serra et al., 2007), and regulate the 
expression and activity of the bHLH family of muscle-specific 
regulatory factors (MRFs). The four MRF members (Myf5, MyoD, 
Myogenin and MRF4) are expressed at different stages of 
myogenesis, and cooperate with ubiquitously-expressed E proteins 
(the E2A gene products, E12 and E47, and HEB) and myocyte 
enhancer factor 2 (MEF2) transcriptional regulators to bind to E- 
and MEF2-boxes at muscle promoters. As a result, muscle-specific 
gene transcription is induced and structural and enzymatic muscle 
proteins such as α-actin, myosin heavy chain (MHC) or muscle 
creatine kinase (MCK) are transcribed (Lluis et al., 2006; Singh and 
Dilworth, 2013; Segales et al., 2015) (Figures i10 and i11). 
Several epigenetic mechanisms (including DNA methylation, 
chromatin remodeling and covalent modification of histones and 
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transcription factors) are also needed to coordinately regulate the 
myogenic gene expression program in order to progress through 




Figure i11: Schematic view of the transcriptional regulation of 
myogenesis. Satellite cell quiescence is characterized by the expression 
of Pax7 (and Pax3 at certain subpopulations). Upon different stimuli, 
satellite cells are activated and commit to proliferate and differentiate or 
self-renew to replenish the satellite cell pool. In proliferating myoblasts, 
early MRFs (Myf5 and MyoD) are transcriptionally induced, but they 
remain bound to Id proteins. At the onset of differentiation Pax7 and Id are 
downregulated, and MyoD (and later on Myogenin) form heterodimers 
with E proteins to, in cooperation con MEF2 transcriptional regulators, 
activate myogenic transcription and differentiate into mononucleated 
myocytes. At late differentiation, MRF4 is also expressed, and cooperates 
with the other MRFs in the induction of muscle-specific transcription, to 
differentiate into multinucleated myotubes and finally fuse into the mature 
myofiber. Adapted from Lluis et al., 2006. 
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4.2.1. Transcriptional and translational regulation of 
myogenesis. 
 
Satellite cell-dependent myogenesis is a well-defined 
dynamic and multi-step process characterized by the sequential 
activation of MRFs. Myf5 and MyoD are induced in undifferentiated 
proliferating myoblasts, while Myogenin and MRF4 are expressed 
at the early and late phases of differentiation, respectively 
(Sartorelli and Caretti, 2005; Singh and Dilworth, 2013) (Figure 
i11). Pax7 is expressed in quiescent muscle stem cells and is also 
essential for their cell cycle progression by regulating genes 
involved in cell proliferation, while preventing differentiation (Olguin 
et al., 2007; Soleimani et al., 2012a; von Maltzahn et al., 2013). 
Interestingly, some studies uncovered a quiescence signature, 
revealing that more than 500 genes are highly upregulated in 
quiescent satellite cells compared with cycling myoblasts, those 
including negative regulators of the cell cycle such as the CKIs 
p27KIP1 and p57KIP2, RB, the negative regulator of fibroblast growth 
factor (FGF) signalling sprouty 1 (Spry1), and many others (Fukada 
et al., 2007; Liu et al., 2013). Upon their activation from 
quiescence, Pax7-expressing satellite cells induce the expression 
of Myf5 and MyoD (Mckinnell et al., 2008), thus allowing 
successive rounds of cell proliferation (Olguin and Olwin, 2004), 
while Pax7 downregulation prior to Myogenin activation favors cell 
cycle withdrawal and differentiation entry (Olguin et al., 2007; 
Olguin, 2011; Bustos et al., 2015). 
 
On the other hand, MRFs' expression is also subjected to 
translational regulation, especially in quiescence. Several 
mechanisms are reported to repress Myf5 and MyoD mRNAs 
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translation, including sequestration by microRNAs in 
ribonucleoprotein granules (Crist et al., 2012), or by tristetraprolin 
(TTP)-mediated degradation (Hausburg et al., 2015), respectively. 
In addition, a global mechanism of translational repression, through 
eukaryotic initiation factor eIF2α phosphorylation, preserves the 
exit from quiescence and induction of the myogenic program 
(Zismanov et al., 2016). 
 
At the onset of differentiation, MyoD needs to associate with 
E proteins to bind E boxes of muscle gene promoters and activate 
their transcription. In proliferating myoblasts, the formation of 
functional MyoD/E protein heterodimers is actively inhibited by 
different mechanisms. Moreover, inhibitor of differentiation (Id) 
proteins are highly expressed during proliferation, and interact with 
either MyoD or E proteins (Figure i11). Since they lack a basic 
DNA-binding domain, Id proteins impede heterodimer formation 
and association at myogenic loci, thereby inhibiting myogenic 
progression. Following cell cycle exit, Id expression is 
downregulated, allowing the formation of functional heterodimers 
and promoting muscle-specific transcription (Puri and Sartorelli, 
2000). Other proteins have been reported to act as MRF 
repressors either by its direct association or by sequestering their 
functional partners, such as Snail and ZEB1 (Buas et al., 2010; 
Siles et al., 2013; Soleimani et al., 2012b).  
 
Remarkably, recent genome-wide analyses of MyoD 
binding have revealed that MyoD is found associated to an 
extensive number of gene promoters that are not regulated during 
myogenesis, in both myoblasts and myotubes (Cao et al., 2010; 
Soleimani et al., 2012b), and its binding correlated with local 
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histone hyperacetylation, suggesting a role for MyoD in the 
epigenetic landscape reprogramming through the recruitment of 
histone acetyltransferases (HATs) to regions across the genome. 
 
4.2.2. Epigenetic regulation of myogenesis. 
 
As we mentioned above, muscle gene expression is also 
modulated by a number of epigenetic mechanisms, including DNA 
methylation, chromatin remodeling, post-translational modifications 
of histones and regulation by a network of noncoding RNAs. These 
epigenetic modifications are generally dynamic and reversible and 
can be associated with gene activation or repression (Bergman and 
Cedar, 2013).  
 
DNA methylation has been largely established as a 
permanent repressive epigenetic mark. Nevertheless, more recent 
studies through genome-wide analysis of DNA methylation in 
different genomic contexts have questioned this notion, since 
active DNA methylation and demethylation occur during cellular 
differentiation and tissue specification, suggesting a more dynamic 
regulation than previously anticipated (Carrió et al., 2015; Carrió et 
al., 2016; Carrió and Suelves, 2015; Suelves et al., 2016). In a 
recent work, DNA methylation dynamics of the major genes 
orchestrating myogenic determination and differentiation was 
addressed for the first time, by comparing pluripotent embryonic 
stem cells (ESCs), myogenic precursors from Pax7-inducible 
ESCs, proliferating muscle stem cells, and their respective 
myotube derivatives, and showed a common muscle-specific DNA 
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demethylation signature required to acquire and maintain the 
muscle-cell identity (Carrió et al., 2016). 
 
Moreover, studies of human and mouse ESCs have 
outlined the role of the histone methyltransferase (HMT) families 
Polycomb group (PcG) and Trithorax group (TrxG) in modulating 
the pluripotency and lineage commitment in different cell types 
(Mohn et al., 2008). The TrxG family of proteins has been largely 
associated with transcriptional gene activation; trimethylation of 
histone 3 at lysine 4 (H3K4me3) surrounding the transcription start 
sites (TSS), and trimethylation of histone 3 at lysine 36 (H3K36me3) in 
the gene body, are generally associated with active gene 
transcription. Alternatively, the histone 3 trimethylation at lysine 27 
(H3K27me3) mediated by the PcG complex is associated with 
transcriptional repression (Kouzarides, 2007). Despite that the 
repressive H3K27me3 mark is transmitted to daughter cells (Hansen 
et al., 2008) and is dominant over the permissive H3K4me3 mark 
(Barski et al., 2007), transcriptional gene activation requires the 
demethylation of H3K27me3, which is mediated by lysine-specific 
demethylase 6A (KDM6a) and KDM1 lysine-specific demethylase 
6B (KDM6b) (Agger et al., De Santa et al., 2007; Lan et al., 2007). 
Thus, whereas polycomb repressive complex 2 (PRC2) establishes 
gene silencing at developmentally regulated loci, the TrxG and 
KDM6a/KDM6b families work together to antagonize the repressive 
activity of PRC2 and to promote gene expression in specific cell 
types.  
 
Another epigenetic mechanism that has been largely 
involved in transcription by multiple mechanisms is histone 
acetylation of histone tails, associated with chromatin relaxation 
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and thus increasing the accessibility of transcription factors to their 
target genes (Shahbazian and Grunstein, 2007). Histone 
acetylation by histone acetyltransferases (HATs) can be 
recognized by transcriptional activators as binding regions. 
Conversely, histone deacetylation by deacetylases (HDACs) 
induces transcriptional repression by favoring the compactation of 
the chromatin structure (Ruthenburg et al., 2007). Both HATs and 
HDACs act on chromatin by associating with a variety of DNA-
binding transactivator proteins. Lastly, small noncoding RNAs 
(miRNAs) have been largely associated to negative regulation of 
target mRNAs by different mechanisms (Nilsen, 2007), although 
miRNAs can also stimulate gene expression in response to specific 
cellular conditions or cofactors (Vasudevan, 2012). 
 
In the context of satellite cell-dependent myogenesis, while 
the Pax7 gene must be expressed in quiescence, modulators of 
cell cycle progression and MRFs need to remain silent. Increasing 
evidence suggest that quiescent satellite cells are not in a dormant 
state but rather are primed for activation and differentiation in 
response to external stimuli (Cheung et al., 2012; Crist et al., 2012; 
Rodgers et al., 2014). At the chromatin level, this primed state is 
maintained by the general lack of the repressive mark H3K27me3 
throughout the genome and the concomitant presence of activation 
mark H3K4me3 at the transcription start site (TSS) of many genes, 
including MyoD and Myf5 (Liu et al., 2013; Caretti et al., 2004). In 
addition, a large number of TSSs across the genome contain 
bivalent chromatin domains in quiescent satellite cells (Liu et al., 
2013), which are characterized by the presence of both H3K4me3 
and H3K27me3 marks, many of them corresponding to lineage-
specific genes (Mikkelsen et al., 2007). Interestingly, Pax3 is the 
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only myogenic transcription factor having bivalent domains in 
quiescent satellite cells, whereas Pax7 is only marked by the 
H3K4me3 activation mark. In clear contrast, Myogenin displays a 
significant enrichment of the H3K4me3 mark at its TSS upon satellite 
cell activation (Liu et al., 2013). Together, these data suggest an 
interplay between the repressive Polycomb group and activating 
Trithorax group complexes. In addition, other methyl-transferases 
as PRDM2 (Cheedipudi et al., 2015), Carm1 (Kawabe et al., 2012) 
and Suv4-20H1 (Boonsanay et al., 2016) are implicated in the 
repression of cell cycle genes, allowing Pax7 expression, or 
altering chromatin structure leading to repression of MyoD 
expression, respectively. Moreover, miRNAs as miR-489 and miR-
31 also contribute to maintain the quiescent state by different 
mechanisms (Cheung et al., 2012; Crist et al., 2012). 
 
Upon satellite cell activation, epigenetic events are critical to 
maintain satellite cells in a proliferating state and prevent their 
premature differentiation. In response to different stimuli as muscle 
damage, satellite cells start to express cell cycle regulators, which 
are readily marked by permissive H3K4me3 (Sebastian et al., 2009), 
and re-enter the cell cycle. After the asymmetric division, the 
committed myoblasts start to proliferate (Kuang and Rudnicki, 
2008) and express Myf5 and MyoD genes, as well as genes that 
control cell cycle progression, all of which are characterized by the 
enrichment of the transcriptionally permissive H3K4me3 mark at their 
TSSs (McKinnell et al., 2008). During myoblast proliferation, 
different classes of HDACs are also involved in the repression of 
transcription of muscle genes by opposing HATs activities. Class I 
and II HDACs contribute to the hypoacetylation of the MyoD gene 
and the inhibition of MEF2 transcription and activation, 
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respectively. MyoD also associates with HDAC1, and this 
interaction is responsible for silencing the MyoD-dependent 
transcription of p21CIP1 and muscle-specific genes (Mal et al., 2001; 
Puri et al., 2001). Moreover, Class II HDACs are recruited by MEF2 
and MyoD (Lu et al., 2000), which in turn recruits several histone 
methyltransferases (Suv39H1, G9a and MLL3/4) (Ling et al., 2012).  
A recent study of HDAC4 function and satellite cell proliferation 
reported that the HDAC4 levels positively correlate with the 
expression of Pax7 (Choi et al., 2014). Moreover, satellite cell 
proliferation is also promoted and maintained by miR-27a/b, miR-
133a, miR-682, and miR-206 by different mechanisms (McFarlane 
et al., 2014; Crist et al., 2009; Chen et al., 2006; Chen et al., 2011; 
Liu et al., 2010). 
 
During satellite cell differentiation, genes no longer needed 
for lineage progression are targeted for stable repression (Liu et al., 
2013; Dilworth and Blais, 2011). Chromatin converts to a more 
repressed state by accumulating H3K27me3 across the genome at 
both TSSs and intergenic regions, and this repressive mark is 
dramatically increased in differentiating muscle stem cells. More in 
detail, when satellite cells differentiate, PRC2 is released from 
muscle-specific genes as MyoD to translocate to loci that are 
typically repressed in differentiated myotubes. Indeed, Pax7 is 
progressively silenced during the transition from a transcriptionally 
permissive state (H3K4me3) to a repressive state (H3K27me3) via PRC2 
throughout cell differentiation (Palacios et al., 2010), thus 
contributing to the switching off of satellite cell proliferation 
(Palacios et al., 2010). In a similar manner, a switch from 
permissive to repressive marks occurs on cell cycle-related genes, 
mediated by E2F transcription factors and by RB as the satellite 
INTRODUCTION    
56 
 
cell exits the cell cycle to terminally differentiate (Sebastian et al., 
2009; Blais and Dynlacht, 2007; Blais et al., 2007). Furthermore, 
Pax7 associates with the Wdr5-Ash2L-MLL2 HMT complex, which 
mediates H3K4me3 mark (McKinnell et al., 2008). The binding of the 
Pax7-HMT complex to Myf5 results in the establishment of H3K4me3 
on the surrounding chromatin. Thus, Pax7 also contributes in the 
induction of chromatin modifications that favor transcriptional 
activation of target genes to regulate the entry into the muscle 
differentiation program. At the same time, lysine-specific 
demethylase 4A (KDM4a), together with heterochromatin protein 1 
(HP1) α, promotes the dimethylation of H3K9me3 at muscle-specific 
promoters, enabling myoblast commitment (Sdek et al., 2013).  
 
4.3. RB and cell cycle regulation in myogenesis. 
 
In addition to orchestrating mitotic arrest and preventing cell 
cycle re-entry as a G1 checkpoint, RB controls cellular 
differentiation during embryogenesis and in adult tissues, regulates 
apoptotic cell death, maintenance of permanent cell cycle arrest 
and preservation of chromosomal stability (reviewed in Burkhart 
and Sage, 2008). RB is necessary for the completion of the muscle 
differentiation program and for myogenic-dependent transcription. 
In fact, in addition to induction and maintenance of permanent cell 
cycle withdrawal through negative regulation of E2F-responsive 
genes involved in proliferation (reviewed in De Falco et al., 2006), 
RB plays a positive role in the activation of muscle-specific genes 
(Gu et al., 1993; Schneider et al., 1994; Novitch et al., 1999; 
Lasorella et al., 2000; MacLellan et al., 2000; Puri et al., 2001; 
Benevolenskaya et al., 2005). 
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4.3.1. RB regulation in satellite cell homeostasis and 
myoblast differentiation. 
 
RB null mice die before birth and lack differentiated muscles 
(Zacksenhaus et al., 1996; Takahashi et al., 2003), and RB-null 
muscle cells fail to exit the cell cycle and are susceptible to 
apoptotic cell death (Ferreira et al., 1998; Vandel et al., 2001; 
Nicolas et al., 2003; Frolov and Dyson, 2004). The acute 
suppression or permanent elimination of RB produced 
contradictory results regarding its effect in reversing differentiation 
and postmitotic arrest in skeletal muscle cells. In immortalized 
mammalian myoblast cell lines, such as C2C12 cells, RB 
inactivation by viral oncoproteins resulted in BrdU incorporation in 
nuclei of differentiated myotubes and S phase re-entry (Gu et al., 
1993; Crescenzi et al., 1995), and this was also observed in other 
studies inactivating RB by the use of siRNAs (Blais et al., 2007). 
Conversely, in similar experiments with primary muscle cells 
isolated directly from mammalian muscle tissues, RB reduction or 
elimination by Cre-mediated excision failed to result in significant S 
phase re-entry (Sacco et al., 2003; Camarda et al., 2004; Huh et 
al., 2004).  
 
In addition to its inhibitory role on cell proliferation, RB has 
also been shown to impact differentiation and muscle-specific gene 
expression. RB loss or suppression leads only to moderate 
impairment in differentiation in primary differentiated skeletal 
muscle cells (Camarda et al., 2004; Huh et al., 2004; Pajcini et al., 
2010), as demonstrated by the reduced accumulation of Myogenin 
and MHC (Pajcini et al., 2010). These data suggest that RB loss in 
terminally differentiated muscle cells is not sufficient to induce 
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reversal of the postmitotic state in mammals, and other regulatory 
mechanisms may be involved in this regulation. Moreover, the 
simultaneous inactivation of RB and p19ARF generated an extensive 
impairment in differentiation in myocytes (Pajcini et al., 2010). The 
profound loss of architectural integrity and downregulation of 
Myogenin, MRF4, MHC, and MCK when RB and p19ARF were 
deleted together, suggest a role for these factors as potent 
stabilizers of the differentiated state (Pajcini et al., 2010).  
 
Other studies reported that RB is required to inhibit 
apoptosis in myoblasts and autophagy in myotubes, but not to 
activate the differentiation program in vitro (Ciavarra and 
Zacksenhaus, 2010). Indeed, the study of pocket family members 
in double and triple knockout myoblasts showed that these cells 
can undergo robust myogenic differentiation in the absence of RB 
and one of its relatives, p107 or p130, under conditions where 
autophagy defects were rescued. Nevertheless, mutations in all RB 
family severely abrogated myogenic differentiation, indicating that 
myoblast fusion and myotube survival require at least one RB 
family member (Ciavarra et al., 2011). 
  
Importantly, the loss of RB has also an impact in satellite 
cell homeostasis. Keller and collaborators explored the role of RB 
in muscle stem cell activation and proliferation in vivo using 
conditional mice where RB was only deleted in satellite cells 
(Hosoyama et al., 2011). RB loss generated a significant increase 
in satellite cell and myoblast numbers, while terminal differentiation 
was greatly impaired (Hosoyama et al., 2011). These mice also 
displayed muscle fiber hypotrophy as well as a delay of muscle 
regeneration, suggesting that cell cycle re-entry of quiescent 
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muscle stem cells is accelerated following RB loss, resulting in the 
expansion of both satellite cells and their derived myoblast in adult 
muscle and a defect in muscle fiber formation (Hosoyama et al., 
2011). Moreover, the pharmacological inhibition of protein 
phosphatase activity, resulting in RB hypophosphorylation 
(inactivation), accelerated satellite cell activation and expansion in 
a transient manner (Hosoyama et al., 2011). 
 
4.3.2. Role of RB in the transcriptional and epigenetic 
regulation during myogenesis. 
 
During myogenesis, RB becomes hypophosphorylated, a 
state associated with its active role as E2F transcriptional 
repressor, and its mRNA and protein expression levels increase in 
a MyoD-and cyclic AMP responsive element binding protein 
(CREB)-dependent manner (Martelli et al., 1994; Corbeil et al., 
1995; Magenta et al., 2003). When differentiation is induced, CREB 
transcription factor is upregulated and phosphorylated, and is able 
to recruit a multi-protein complex containing MyoD and the HATs 
p300 and PCAF on RB promoter to induce its expression (Magenta 
et al., 2003). Of note, despite the abundance of 
hypophosphorylated RB, p130-E2F repressor complexes are 
predominant in myotubes (Corbeil et al., 1995; Puri et al., 1997). 
 
RB is thought to stimulate lineage-specific transcription 
factors, including MyoD, myogenin, and MEF2C (Gu et al., 1993; 
Schneider et al., 1994; Novitch et al., 1999), and sequester 
inhibitors of differentiation such as Id2, HDAC1, EID-1, and RBP2 
(Lasorella et al., 2000; MacLellan et al., 2000; Puri et al., 2001; 
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Benevolenskaya et al., 2005). RB-deficient muscle cell lines are 
able to express normal levels of early differentiation effectors, as 
Myogenin and p21CIP1, but display reduced levels of MHC and have 
a deficient differentiation (Frolov and Dyson, 2004), being fusion 
markedly impaired (Zacksenhaus et al., 1996). RB (and p130) are 
also able to bind the histone methyltransferase Suv39H1 that is 
able to methylate the lysine 9 residue of histone H3 (H3K9), which 
was suggested to be involved in the repression of E2F-dependent 
genes in quiescent cells (Vandel et al., 2001; Nicolas et al., 2003; 
Nielsen et al., 2001). Accordingly, E2F-dependent gene 
downregulation in myotubes correlated with an increase of H3K9 
methylation by Suv39H1/2 (Ait-Si-Ali et al., 2004; Vandromme et 
al., 2008). Moreover, Trouche and collaborators investigated 
pocket protein binding to E2F-regulated promoters during muscle 
differentiation, demonstrating that RB bound equally well to E2F-
promoters in quiescent cells compared with myotubes. This 
suggests that RB binding is not the exclusive determinant of 
permanent repression of E2F-regulated promoters during muscle 
differentiation (Vandromme et al., 2008). 
 
4.4. p38 MAPK signaling in myogenesis. 
 
4.4.1. Function of p38 MAPK at distinct stages of the 
myogenic process. 
 
The p38 MAPK signaling pathway has an active role in each 
myogenic stage, as it has been demonstrated by the use of cellular 
models (myoblast cell lines, such as C2C12 cells, or satellite cell-
derived primary myoblasts) able to recapitulate myogenesis in vitro. 
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Remarkably, p38 MAPK acts as a regulator of the proliferation-to-
differentiation transition in myoblasts, being involved in the 
induction of cell cycle withdrawal and the expression of muscle-
specific genes (Cuenda and Cohen, 1999; Zetser et al., 1999; Wu 
et al., 2000; Li et al., 2000a, Keren et al., 2006; Lluis et al., 2005; 
Suelves et al., 2004; Serra et al., 2007; Perdiguero et al., 2007a; 
Ruiz-Bonilla et al., 2008; Simone et al., 2004; Forcales et al., 2012; 
Rampalli et al., 2007; Cuadrado et al., 2010; Segales et al., 2016a). 
Besides, p38 signaling functions as one of the main controllers of 
satellite cells’ fate decisions (Jones et al., 2005; Palacios et al., 
2010; Troy et al., 2012; Brien et al., 2013; Bernet et al., 2014; 




Figure 12: Role of p38α MAPK in satellite cell-dependent 
myogenesis. Diverse roles have been attributed to p38 signaling. Among 
them, p38α negatively regulates myoblast proliferation and favors 
myocyte differentiation and fusion into mature myotubes. p38 MAPK has 




Several stimuli, including inflammatory cytokines (as TNFα 
or amphotericin/HMGB1), growth factors (TGFβ) or cell-to-cell 
contact, can activate p38 MAPK in satellite cells (Krauss, 2010; 
Guasconi and Puri, 2009). Pioneer in vitro studies demonstrated 
the requirement of p38 MAPK pathway for skeletal muscle 
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differentiation through different mechanisms (Cuenda and Cohen, 
1999; Zetser et al., 1999; Wu et al., 2000). p38α signaling has been 
proven to be critical at the onset of muscle differentiation by a 
mechanism involving the inhibition of the proliferation-promoting 
JNK pathway by inducing the upregulation of the JNK phosphatase 
MKP-1, thus leading to cyclin D1 expression downregulation and 
induction of cell cycle withdrawal (Perdiguero et al., 2007b).  
 
p38 MAPK also regulates skeletal muscle differentiation and 
fusion. Pharmacological inhibition of p38α/β signaling in myoblasts 
prevents the induction of muscle-specific genes and fusion into 
myotubes, while forced p38 MAPK activation by ectopic expression 
of a constitutively active MKK6 mutant in proliferating myoblasts 
was sufficient to induce both the expression of myogenic markers 
and the appearance of multinucleated myotubes (Cuenda and 
Cohen, 1999; Zetser et al., 1999; Wu et al., 2000; Li et al., 2000). 
The study of the relative contribution of the four p38 isoforms in 
muscle stem cells indicated that they are not completely redundant 
during muscledifferentiation, and revealed a predominant role for 
p38α isoform in myogenic differentiation and fusion by regulating 
the whole myogenic transcriptional program at multiple stages 
(Ruiz-Bonilla et al., 2008; Wang et al., 2008; Liu et al., 2012), and 
by promoting myoblast fusion through tetraspanin CD53 
upregulation (Liu et al., 2012). Otherwise, p38γ signaling 
contributes to myoblast proliferation by preventing premature 
differentiation through the induction of a repressive MyoD 
transcriptional complex (Gillespie et al., 2009), while the other 
isoforms (p38β and p38δ) appear to be dispensable for these 
processes (Perdiguero et al., 2007a; Ruiz-Bonilla et al., 2008). 
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Other studies have established a role for p38 MAPKs in the 
maintenance of satellite cells quiescence and activation. p38α/β 
signaling is required for satellite cell activation and MyoD induction 
(Jones et al., 2005), and once activated, p38α leads to 
tristetraprolin (TTP) inactivation and MyoD mRNA stabilization 
(Hausburg et al., 2015). Following activation, muscle stem cells 
enter the cell cycle and a subset undergoes asymmetric division to 
replenish the muscle stem cell pool. Remarkably, p38α/β MAPKs 
are asymmetrically activated in only one daughter cell, in which 
MyoD is induced, allowing cell cycle entry and commitment to 
generate a proliferating myoblast. Conversely, MyoD induction is 
prevented in the other daughter cell by the absence of p38α/β 
signaling, renewing the quiescent satellite cell pool (Troy et al., 
2012). 
 
The use of mice with conditional deletion of p38α in satellite 
cells disclosed a role of p38α in skeletal muscle growth and 
regeneration in vivo. Work from the Pell laboratory confirmed 
previous in vitro studies (Perdiguero et al., 2007a) and 
demonstrated that p38α restrains postnatal proliferation and 
promotes timely myoblast differentiation (Brien et al., 2013). The 
loss of p38α in the Pax7-lineage generated a postnatal growth 
defect together with an augmented number of muscle stem cells, 
resulting from increased myoblast proliferation postnatally. 
Furthermore, muscle regeneration after injury was delayed in the 
absence of p38α, with further increase of the satellite cell 
population (Brien et al., 2013). Interestingly, p38α ablation was 
accompanied by increased p38γ phosphorylation, and p38γ 
inhibition ex vivo significantly diminished the myogenic defect. As 
muscle regeneration can occur in the absence of p38γ quite 
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effectively (Ruiz-Bonilla et al., 2008), but is defective when p38α is 
absent (Brien et al., 2013), p38α arises as the master kinase for 
transcriptional reprogramming during satellite cell proliferation-to-
differentiation transition, both in vitro and in vivo. 
 
Similar to mice, p38 MAPK has a critical role in the 
regulation of human muscle stem cell functions (Charville et al., 
2015). p38 is upregulated in activated human satellite cells 
compared with quiescent ones. Moreover, reversible p38α/β 
inhibition in cultured human satellite cells promoted its expansion 
and prevented differentiation. These expanded satellite cells 
displayed an enhanced self-renewal and engraftment capacity in 
transplantation experiments compared to freshly isolated satellite 
cells or cells cultured in the absence of p38α/β inhibitors (Charville 
et al., 2015).  
 
4.4.2. Transcriptional and epigenetic regulation of 
myogenesis by p38 MAPK. 
 
p38 MAPK pathway has an active role at the onset of 
myogenesis by modulating the expression and/or activity of several 
players implicated in the transcriptional and epigenetic regulation of 
myogenesis. p38α/β signaling induce MEF2 transcriptional activity 
and MyoD/E47 heterodimer formation by direct phosphorylation on 
MEF2 and E47 (Zetser et al., 1999; Lluis et al., 2005), thus 
enhancing RNA Pol II recruitment to myogenic loci, critical step in 
the transcriptional initiation of the differentiation program. 
Furthermore, p38α/β kinases phosphorylate the chromatin-
associated protein BAF60c, contributing to the myogenic 
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transcriptosome assembly on the chromatin of muscle loci by 
promoting the recruitment of SWI/SNF chromatin remodeling 
complex (Simone et al., 2004; Serra et al., 2007; Forcales et al., 
2012) and ASH2L-containing mixed-lineage leukemia (MLL) 
methyltransferase complex (Rampalli et al., 2007). p38α MAPK 
also phosphorylates and recruits SNF2-related CBP activator 
protein (SRCAP) subunit p18Hamlet to muscle loci, required for 
H2A.Z accumulation and activation of gene expression (Cuadrado 
et al., 2010). Moreover, in late stages of myogenesis, p38 
phosphorylates MRF4, resulting in reduced MRF4-mediated 
transcriptional activity, a mechanism that led to downregulation of 
specific muscle genes (Suelves et al., 2004). 
 
p38α is also involved in Pax7 transcriptional repression in 
differentiating satellite cells by a mechanism involving the 
phosphorylation of Ezh2, the catalytic subunit of the PRC2 
complex. Ezh2 phosphorylation promotes the association between 
YY1 transcription factor and PRC2, leading to repressive chromatin 
on the Pax7 promoter and therefore modulating satellite cells’ 
decision to proliferate or differentiate (Palacios et al., 2010; 
Mozzetta et al., 2011). Conversely, p38γ activation in muscle cells 
leads to MyoD phosphorylation, resulting in an enhanced MyoD 
occupancy on the Myogenin promoter together with markedly 
decreased transcriptional activity, which was associated with 
extensive methylation of histone H3K9 together with recruitment of 
the KMT1A methyltransferase, thus also affecting this myogenic 
decision (Gillespie et al., 2009). Furthermore, two independent 
studies proved that the activation of MSK1 (a p38α/β downstream 
kinase) leads to H3 phosphorylation on serine 28, favoring an 
interchange between Ezh2- and Ezh1-containing PRC2 complexes 
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on Myogenin promoter in differentiating myotubes (Stojic et al., 
2011; Mousavi et al., 2012). Of interest, Ezh1-containing 
complexes were associated to RNA Pol II recruitment and 
transcriptional activation, questioning the paradigm of PRC2 
complexes as chromatin repressors (Mousavi et al., 2012). Thus, 
depending on the engagement of specific p38 isoforms, the p38 
MAPK pathway can either induce or repress transcription in muscle 
stem cells. 
 
In response to stress, p38 MAPK (and Hog1, its homolog in 
yeast) acts directly at chromatin and, through its interaction with 
stress-responsive promoters, and activate transcription (de Nadal 
et al., 2004; Pokholok et al., 2006; Ferreiro et al., 2010b). Similarly, 
during myogenic differentiation, p38α associates to several muscle-
specific genes, such as Myogenin, MCK, and MHC (Simone et al., 
2004; Palacios et al., 2010). Remarkably, p38α also exerts its 
promyogenic function, at least in part, by binding and acting at 
chromatin (Segales et al., 2016a). Genome-wide localization 
analysis linked to gene expression profiling revealed that p38α 
associates to a large number of active promoters during the 
myoblast transition from proliferation to differentiation, 
demonstrating the relevance of kinase signaling pathways in the 
direct regulation of transcription (Segales et al., 2016a), being 
these results consistent with previous studies for other kinases 
(Bungard et al., 2010; Tiwari et al., 2012; Di Vona et al., 2015). Of 
note, p38α also associated to transcriptionally inactive or repressed 
promoters at the onset of myogenesis (Segales et al., 2016a). 
Thus, p38α is recruited to an extensive set of myogenic promoters 
to facilitate their activation or repression, suggesting a higher 
degree of complexity in their regulation. Lastly, p38α recruitment to 
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muscle loci probably involves the interaction with transcription 
and/or chromatin-regulatory factors, as it was reported for several 
stress-induced genes (Ferreiro et al., 2010b), given the observation 
that p38α-bound promoters are enriched with binding motifs for 
certain transcription factors, some of them known to be p38 MAPK 
substrates (Segales et al., 2016a). 
 
4.5. Impact of aging on satellite cell functions. 
 
The aging process affects all tissues of an organism, and 
can be explained by accumulation of damage at a molecular, 
cellular and tissular level. Common hallmarks of aging across 
different species have been proposed in the last years, including 
genomic instability, telomere attrition, epigenetic alterations, loss of 
proteostasis, dysregulated nutrient sensing, mitochondrial 
dysfunction, cellular senescence, stem cell exhaustion, and altered 
intercellular communication (Lopez-Otin2013). 
 
Skeletal muscle has a remarkable capacity to regenerate 
that declines with aging, although whether this is due to extrinsic 
environmental changes and/or to satellite cell-intrinsic mechanisms 
associated to aging has been a controversial question for a long 
time (Brack and Muñoz-Cánoves, 2016). Particularly in skeletal 
muscle, aging has been associated with a loss of muscle mass and 
function (sarcopenia), together with a decline in muscle 
regenerative potential of muscle stem cells (Garcia-Prat et al., 
2013), resulting in an impaired capacity to maintain homeostasis 
and repair (Hikida, 2011; Zwetsloot et al., 2013). This has been at 
least partially ascribed to a numerical loss of the satellite cell pool 
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by approximately 50% with age (Sousa-Victor et al., 2014a,b; 
Hawke and Garry, 2001; Shefer et al., 2006, 2010; Zammit et al., 
2002). Several studies have proposed that age-associated 
changes in the local microenvironment and systemic cues, as well 
as cell-intrinsic alterations, which alters the balance between 
quiescence and proliferation and have an impact in cell survival, as 
the main drivers of satellite cell numerical and functional decline 
during aging (Sousa-Victor et al., 2015; Segales et al., 2016b). 
 
4.5.1. Intrinsic alterations in aged satellite cells. 
 
Recent findings have suggested that the decline in satellite 
cell function has a strong cell-intrinsic component. These cell-
intrinsic alterations include deficient mechanisms to maintain 
genome integrity (and lead to genomic instability), oxidative and 
DNA damage accumulation, and alterations in mitochondrial 
function and autophagy (Hasty et al., 2003; Ames, 2004; Golden et 
al., 2002; Pietrangelo et al., 2009; Zhang et al., 2016; Garcia-Prat 
et al., 2016).  
  
Despite that satellite cells seem to be more resistant to DNA 
damage and more efficient repairing DNA lesions than their 
committed progeny (Vahidi Ferdousi et al., 2014), a long-time 
exposure to genotoxic stresses and a decline in antioxidant 
capacity with aging (Fulle et al., 2005) have a deleterious impact on 
their genomic integrity. When isolated from aged muscles, satellite 
cells display an increased number of foci containing 
phosphorylated histone H2AX, a marker of DNA damage (Sinha et 
al., 2014; Sousa-Victor et al., 2014a). Moreover, in mice deficient 
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for Ku80, a subunit in the non-homologous end-joining pathway 
(NHEJ) that repairs double-strand DNA breaks, skeletal muscle 
display an accelerated aging phenotype (Didier et al., 2012). Still, 
the role of DNA damage in satellite cell aging remains unknown, 
but it has been proposed to be responsible for age-associated 
muscle stem cell loss of function and regenerative capacity.  
 
High-throughput gene expression profiling studies in young 
and aged human satellite cells disclosed remarkable differences in 
the transcriptional program that would explain the altered function 
with aging, including dysregulated expression of myogenic-specific 
genes, antioxidant enzyme-coding genes or genes related to 
protein folding (Bortoli et al., 2003; Pietrangelo et al., 2009; 
Charville et al., 2015). In agreement with these data, aged satellite 
cells have a reduced myogenic ability, including the capacity to 
fuse into myotubes (Collins et al., 2007; Chargé et al., 2002), and a 
lower ability to form myogenic colonies and to activate and 
proliferate (Conboy et al., 2003; Shefer et al., 2006; Shadrach and 
Wagers, 2011; Day et al., 2010; Baj et al., 2005). Moreover, aged 
satellite cells tend to adopt fibroblastic and adipogenic fates in vitro 
(Brack et al., 2007) and in vivo, particularly in pathological aging 
muscle (Pessina et al., 2015; Biressi et al., 2014), thus explaining 
the high levels of fat deposition and fibrotic tissue in aged mice 
muscle. These differences in age-associated gene expression 
could be partly attributed to epigenetic alterations (Liu et al., 2013). 
 
In recent years, evidence linking metabolism, mitochondrial 
dynamics, and protein homeostasis (proteostasis) as essential 
regulators of stem cell functions has emerged, having a deep 
impact in satellite cell function during aging (reviewed in García-
INTRODUCTION    
70 
 
Prat et al., 2017; García-Prat et al., 2016; Zhang et al., 2016). Entry 
of satellite cells into the activation state in response to damage-
induced signals requires rapid changes in protein composition, 
eliminating proteins involved in quiescence maintenance and 
supplying new proteins involved in cell-cycle regulation and 
differentiation (García-Prat et al., 2017). Mitochondrial dysfunction, 
induced by calorie-dense diets or aging, can result from depletion 
of the oxidized form of nicotinamide adenine dinucleotide (NAD+), 
whereas NAD+ repletion with precursors such as nicotinamide 
riboside (NR) can reverse this process (Cantó et al., 2012; Pirinen 
et al., 2014; Mouchiroud et al., 2013; Yoshino et al., 2011; Gomes 
et al., 2013). Mitochondrial function has been linked to satellite cell 
maintenance and activation (Cerletti et al., 2012; Stein and Imai, 
2014; Katajisto et al., 2015; Ryall et al., 2015). In a recent study, 
treatment with the NAD+ precursor NR rejuvenated satellite cell in 
aged mice by protecting them from senescence and safeguarding 
muscle function (Zhang et al., 2016). In another recent work from 
our laboratory, we demonstrated that basal autophagy is essential 
to maintain the quiescent state in satellite cells. We reported that a 
failure in autophagy in aged resting stem cells leads to 
accumulation of damaged proteins and dysfunctional organelles 
(especially mitochondria), enhanced reactive oxygen species 
(ROS) and DNA damage accumulation, and ultimately leading to 
stem-cell exhaustion (García-Prat et al., 2016).  
 
4.5.2. Extrinsic factors linked with satellite cells aging. 
 
A proper stem cell function is supported and regulated by 
different extrinsic factors from the surrounding microenvironment, 
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usually referred to as the ‘niche’, and external cues generated by 
local inflammation or systemic sources (Jasper and Kennedy, 
2012; Jones and Rando, 2011). The muscle fiber acts as a niche, 
and participates in the maintenance of the reversible quiescent 
state (Chakkalakal et al., 2012; Rezza et al., 2014; Chang and 
Rudnicki, 2014; Jung et al., 2014). Findings by Brack and 
coworkers strongly supported this notion, demonstrating that an 
increased expression of myofiber-derived fibroblast growth factor 2 
(FGF2) with aging disrupted quiescence in a subset of muscle stem 
cells, leading to spontaneous mitogenic activity and reduction of 
the stem cell pool with aging (Chakkalakal et al., 2012). 
Remarkably, FGF2 activity neutralization or interference with their 
receptors (FGFRs) was sufficient to restore quiescence in old 
satellite cells (Chakkalakal et al., 2012). High FGF2 expression in 
quiescent satellite cells generated a downregulation of Sprouty1 (a 
negative regulator of FGF-induced signaling) (Chakkalakal et al., 
2012), previously shown to be required for satellite cell self-renewal 
during regeneration (Abou-Khalil and Brack, 2010; Shea et al., 
2010). Thus, FGF2/Sprouty1 axis dysregulation in old satellite cells 
would be an obstacle to maintain quiescence. 
 
Other studies have documented the existence of additional 
niche-derived factors regulating satellite cell function. Increased 
levels of TGFβ have been reported in aged mice, which correlated 
with enhanced Smad transcription factor activation, thus 
dysregulating the endogenous Notch/Smad3 balance (Carlson et 
al., 2008).This lack of regulation resulted in inhibited satellite cell 
proliferation and limited aged muscle regenerative potential 
(Carlson et al., 2008). Other circulating factors as Wnt ligands are 
abundant in serum of aged individuals, and Wnt signaling was 
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found increased in old muscle, contributing to the promotion of 
satellite cell differentiation and reducing its potential to self-renew 
(Brack et al., 2007). Interactions between Notch and Wnt signaling 
have also been demonstrated by the fact that young satellite cells 
recapitulated the effects on Wnt signaling following Notch signaling 
inhibition, whereas delivery of active Notch could partially rescue 
muscle regeneration in aged mice (Conboy et al., 2003; Conboy et 
al., 2005; Conboy and Rando, 2005). 
 
The contribution of the environment to the process of 
satellite cell aging was further reinforced by pioneer heterochronic 
tissue transplant experiments (Harrison, 1983; Carlson and 
Faulkner, 1983) and, more recently, by heterochronic parabiosis 
studies (Brack and Rando, 2007; Villeda et al., 2011; Conboy et al., 
2005), both of which strongly suggested the existence of 
environmentally-derived factors that are altered with age and affect 
the muscle stem cells function. In these studies, the regenerative 
capacity of aged satellite cells could be rejuvenated by exposure to 
a young myogenic environment (Gutmann and Carlson, 1976; 
Carlson and Faulkner, 1989; Roberts et al., 1997) or to young 
systemic factors, achieved by connecting the circulatory system of 
young and old animals (Brack and Rando, 2007; Villeda et al., 
2011; Conboy et al., 2005). Interestingly, the regenerative capacity 
of young satellite cells from the heterochronic pair was also 
impaired, supporting the notion of circulating age-related factors 
that contribute to muscle stem cell functional decline. Indeed, 
reestablishment of Notch signaling proved to be part of the 
mechanisms through which young serum could rescue aged 
satellite cell function in heterochronic parabiosis experiments, with 
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similar results observed in vitro (Wagers and Conboy, 2005; 
Conboy et al., 2005; Carlson and Conboy, 2000). 
 
The reduced regenerative potential of aged satellite cells 
has also been associated with increased JAK/STAT signaling, 
which impairs muscle stem cell function by stimulating asymmetric 
division (Price et al., 2014). Furthermore, interleukin (IL)-6-
activated STAT3 regulates the expression of the myogenic factor 
MyoD, promoting satellite cell differentiation in detriment to their 
expansion (Tierney et al., 2014). In a recent study, Hoxa9 
developmental gene was described to act as a central hub required 
for the parallel induction of downstream targets of the Wnt, TGFβ 
and JAK/STAT pathways in aged satellite cells (Schworer et al., 
2016). The aberrant global and site-specific induction of active 
chromatin marks in activated satellite cells from aged mice, 
resulted in the specific induction of Hoxa9 (Schworer et al., 2016). 
Conversely, inhibition of aberrant chromatin activation, or deletion 
of Hoxa9, improved satellite cell function and muscle regeneration 
in aged mice, whereas overexpression of Hoxa9 mimicked aging-
associated defects (Schworer et al., 2016). 
 
4.5.3. p38 MAPK signaling regulates satellite cell 
functions during aging. 
 
Different signaling pathways have been found dysregulated 
in muscle stem cells from aged mice, including fibroblast growth 
factor receptor-1 (FGFR1), p38 MAPK, and Janus kinase–Signal 
transducer and activator of transcription (JAK/STAT), thus 
contributing to defective regulation of quiescence and 
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compromised self-renewal potential (Bernet et al., 2014; Cosgrove 
et al., 2014; Price et al., 2014; Tierney et al., 2014).  
 
It is well established that the FGFR1 signaling pathway is 
altered during aging. It has been suggested that increased FGF2 
signaling in aged muscle can generate the disruption of satellite 
cell quiescence (Chakkalakal et al., 2012). In a more recent study 
from the Olwin group it was proposed that the augmented FGF2 in 
the aged satellite cell niche constitutes a compensatory mechanism 
due to the loss of FGFR1 signaling (Bernet et al., 2014). Moreover, 
an altered FGF2 signaling in combination with elevated TNFα 
levels observed in old muscles, have been associated to 
constitutive and aberrant activation of the p38 MAPK signaling 
pathway, which ultimately leads to impaired self-renewal of aged 
satellite cells (Bernet et al., 2014). More in detail, proper and 
asymmetric p38α/β MAPK activation is required to promote self-
renewal in satellite cells from young mice, generating a quiescent 
daughter and a lineage-committed daughter cell. The defect 
observed in self-renewal is due to elevated phosphorylated p38 in 
aged satellite cells, thus preventing asymmetric p38α/β MAPK 
signal transduction, and generating two lineage-committed 
daughter cells, and consequently, an exhaustion of quiescent 
satellite cell pool (Bernet et al., 2014).  
 
Another work from Blau and colleagues confirmed that an 
age-dependent increase in p38α/β MAPK signaling could limit 
expansion of muscle stem cells during proliferation while favoring 
their permanent cell cycle exit, leading to diminished regenerative 
and self-renewal capacity in satellite cells from aged individuals 
(Cosgrove et al., 2014). Remarkably, the inactivation of p38α/β 
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signaling with pharmacological inhibitors partially restored the 
proliferative capacity and self-renewal of aged satellite cells 
evaluated in muscle transplantation experiments (Bernet et al., 
2014; Cosgrove et al., 2014). It is noteworthy that the beneficial 
effects of p38α/β signaling inhibition were strongly enhanced in 
satellite cells cultured with p38α/β chemical inhibitors in the 
presence of a hydrogel matrix, mimicking the biomechanical 
properties of young muscles (Cosgrove et al., 2014).  
 
4.5.4. Senescence in aging satellite cells. 
 
Cellular senescence has been typically associated to tumor 
suppression and aging, both characterized by the accumulation of 
severe cellular damage. Damage-induced senescence can be 
attributed to different stimuli as telomere attrition (replicative 
senescence), DNA lesions (DNA-damage-induced senescence), 
environmental stress or ROS (stress-induced senescence) and 
oncogenes (oncogene-induced senescence) (Campisi, 2013). 
These diverse stimuli can activate different signaling pathways that 
frequently converge in the activation of p53, which in turn activate 
the CDK inhibitors p16INK4a, p15INK4b, p21CIP1 and p27KIP1. 
CDK/cyclin complexes inhibition results in an arrest in proliferation 
via hypophosphorylated RB. This proliferative arrest can be 
reversible at the beginning, although due to persistent signaling 
and activation of senescence mediators, it turns into an irreversible 
event (Muñoz-Espin and Serrano, 2014). 
 
Other features of senescence include the absence of 
proliferative markers, high senescence-associated β‑galactosidase 
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(SA-β-GAL) activity, and often also expression of DNA damage 
markers, nuclear foci of constitutive heterochromatin (Muñoz-Espin 
and Serrano, 2014). Senescent cells are thought to promote aging 
through their senescence-associated secretory phenotype (SASP), 
which involves the increased expression and secretion of a suite of 
inflammatory cytokines, chemokines, growth factors, and proteases 
(Coppé et al., 2010; van Deursen, 2014). 
 
Satellite cells of aged mice (at geriatric age, 28 months or 
older) lose their reversible quiescent state in basal conditions due 
to induction of p16INK4a, and adopt a pre-senescent state (Sousa-
Victor et al., 2014a). In response to an injury, pre-senescent 
satellite cells from geriatric mice enter a full senescent state 
(geroconversion) and lose their regenerative potential, including 
diminished activation, proliferation and self-renewal capacities. 
Geroconversion could be partially reverted through the 
downregulation of p16INK4a expression, which also restored the self-
renewal capacity in very old muscle stem cells. Mechanistically, the 
epigenetic repression exerted at the p16INK4a locus in young 
quiescent satellite cells, via PRC1-mediated monoubiquitination of 
histone H2A (H2AK119Ub), was deregulated in geriatric cells. 
Moreover, p16INK4a upregulation correlated with diminished levels of 
phosphorylated RB and reduced E2F-regulated transcription, 
suggesting this pathway as a possible driver of the satellite cell 
conversion to senescence. Lastly, p16INK4a was also found 
upregulated in human geriatric satellite cells, highlighting these 
findings as particularly relevant for muscle stem-cell rejuvenation in 
sarcopenic muscles (Sousa-Victor et al., 2014a). In agreement with 
these results, Blau and coworkers reported a diminished 
regenerative and self-renewal potential of muscle stem cells from 
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aged mice, which was preceded by a cell-autonomous increase in 
the p38 MAPK pathway activity, a limited proliferation that favored 
an irreversible cell cycle arrest, and the expression of CDK 
inhibitors as p16INK4a and p21CIP1, which associated with a 
senescent phenotype (Cosgrove et al., 2014). 
 
The in vivo analysis of freshly isolated activated satellite 
cells from aged mice revealed a specific upregulation of Hoxa9, 
both at the mRNA and protein level (Schworer et al., 2016). 
Moreover, the impaired myogenic capacity of satellite cells in 
response to Hoxa9 over expression was associated with increased 
rates of apoptosis and decreased cell proliferation. This was 
associated with the suppression of several cell cycle regulators and 
induction of cell cycle inhibitors (such as p16INK4a, p15INK4b, and 
p21CIP1) and other senescence-inducing genes, as well as with 
increased staining for SA-β-GAL activity (Schworer et al., 2016). 
 
A more recent work demonstrated that basal autophagy is 
essential to maintain the stem-cell quiescent state in mice (García-
Prat et al., 2016). Failure in autophagy in aged resting stem cells 
leads to accumulation of damaged proteins and dysfunctional 
organelles, especially mitochondria, which generates enhanced 
ROS levels that generate DNA damage, senescence entry and 
stem-cell exhaustion. Moreover, ROS was disclosed as a key 
epigenetic regulator of the INK4a locus in aged satellite cells by 
impeding its silencing (associated with H2AK119Ub repressive mark), 
and being this situation reversed by treatment with antioxidants. 
Remarkably, the re-establishment of autophagy in mouse and 
human satellite cells was sufficient to reverse senescence and 
restored the regenerative functions in geriatric satellite cells 
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(García-Prat et al., 2016). In agreement with this, Auxwerx and 
coworkers demonstrated the importance of the amount of NAD+ 
and its effect on mitochondrial activity as a pivotal switch to 
modulate satellite cell senescence during aging (Zhang et al., 
2016). Treatment with the NAD+ precursor NR rejuvenated satellite 
cells in aged mice by inducing the mitochondrial unfolded protein 
response and synthesis of prohibitin proteins, and prevented 
satellite cell senescence in a mouse model of muscular dystrophy 
(Zhang et al., 2016).  
 
4.5.5. p38 MAPK and senescence. 
 
A vast body of work has established a crucial role for p38 
MAPK in the induction of the senescence program. Pioneer studies 
in mouse fibroblasts demonstrated that the genetic activation of 
p38 by MKK6EE was sufficient to induce a permanent and 
irreversible G1 cell cycle arrest, showing these cells biochemical 
features of senescence in a p38-dependent manner, including 
enhanced expression of p21CIP1 (Haq et al., 2002). Ishikawa and 
collaborators defined p38 MAPK as a senescence-executing 
molecule in which heterogeneous types of cellular senescence 
converge, namely, Ras-induced, replicative, oxidative stress-
induced and culture shock-induced senescence, being activated by 
both telomere-dependent and telomere-independent senescence-
inducing stimuli (Iwasa et al., 2003). Human lung fibroblasts 
expressing a retroviral MKK6EE displayed retarded growth rates, 
stopped growing before reaching confluence, and did not progress 
into S phase. In addition, these cells showed a flat and large 
cytoplasm which was positive for SA-β-gal activity, and expressed 
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higher amounts of p16INK4a, p21CIP1 and hypophosphorylated RB, 
but not that of p53 (Iwasa et al., 2003). Of note, the addition of 
SB203580 to these cell cultures abolished the reduced growth and 
the SA-β-gal activity. In this context, p38 is not directly activated by 
the initial stimuli, but indirectly as a cellular response to those initial 
events (Iwasa et al., 2003). This was confirmed in another work 
demonstrating that p38 gets activated in primary human fibroblasts 
during the onset of Ras-induced senescence, and the expression 
of an oncogenic Ras was sufficient to provoke premature 
senescence by sequentially activating the MEK-ERK and MKK3/6-
p38 pathways, being this phenomenon abrogated upon p38 
inhibition (Wang et al., 2002). 
 
Upon its activation, p38 MAPK has been demonstrated to 
mediate senescence through its action on downstream effectors. 
Moreover, in primary mouse skin fibroblasts, p53 phosphorylation 
by p38-regulated/activated protein kinase (PRAK) following p38 
activation was suggested to play an important role in Ras-induced 
senescence and tumor suppression (Sun et al., 2007). 
Interestingly, PRAK deficiency in mice was sufficient to enhance 
skin carcinogenesis, coinciding with compromised induction of 
senescence (Sun et al., 2007). In another study in the context of 
wound healing, the matricellular protein CCN1 induced DNA 
damage response and p53 activation in mouse primary fibroblasts, 
and activated the superoxide-generating RAC1-NOX1 complex to 
induce ROS production. In turn, ROS-activated ERK and p38 
pathways led to the induction of the p16INK4a/RB pathway and 
cellular senescence (Jun and Lau, 2010).  
 
INTRODUCTION    
80 
 
Other findings have assigned a novel role for p38 MAPKs in 
the senescence-associated secretory phenotype (SASP) 
regulation. Diverse senescence-inducing stimuli activate p38 
MAPK in normal human fibroblasts, inducing the secretion of most 
SASP factors in a mechanism involving an increased NF-kB 
transcriptional activity (Freund et al., 2011). 
 
p38 MAPK activation in response to increasing levels of 
ROS limited the lifespan of hematopoietic stem cells (HSCs) in vivo 
(Ito et al., 2006). The defect in the maintenance of HSC quiescence 
upon ROS-activated p38 signaling was rescued by treatment with 
p38 inhibitors. Moreover, prolonged treatment with an antioxidant 
or p38 inhibitors extended the lifespan of HSCs from wild-type mice 
in serial transplantation experiments (Ito et al., 2006). In a more 
recent study, p38 MAPK was reported to be relevant in the 
premature senescence entry of human endometrium‑derived 
mesenchymal stem cells (hMESCs) under sublethal doses of 
oxidative stress (Borodkina et al., 2014). Exogenous H2O2 induced 
the activation of DNA damage response (DDR), which in turn 
activated the p53/ p21CIP1/RB and the p38 MAPK/MAPKAPK‑2 
pathways, both suggested to establish the irreversible cell cycle 
arrest preceding senescence. The further stabilization of 
senescence required prolonged DDR signaling activation, provided 
by permanent ROS production, which in turn was regulated by both 
p38 MAPK and the increased functional mitochondria. Remarkably, 
cell treatment with SB203580 was sufficient to recover partially the 
senescence phenotype, block the ROS elevation, decrease the 
mitochondrial function, and finally rescue proliferation (Borodkina et 
al., 2014). 
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As mentioned above, the age-related activation of the p38 
MAPK signaling pathway in muscle stem cells ultimately leads to 
impaired self-renewal (Bernet et al., 2014; Cosgrove et al., 2014), 
and a diminished regenerative capacity (Cosgrove et al., 2014). In 
the later work, this deficiency correlated with a higher incidence of 
cells that express senescence markers (p16INK4a and p21CIP1) and a 
persistently elevated p38α/β MAPK activity. This situation was 
partially reverted by transient p38α/β signaling inhibition in 
conjunction with culture on soft hydrogel substrates, which 
rejuvenated aged satellite cell potential for regeneration and serial 
transplantation (Cosgrove et al., 2014). In agreement with these 
results, one study with a dominant negative haploinsufficient p38α 
mouse (DN‑p38αAF/+) demonstrated that in vivo attenuation of p38α 
activity delayed the age‑associated decline in the gastrocnemius of 
the aged mutant. These mice showed attenuated expression of 
p16INK4a and p19ARF and a decline of the senescent progenitor cell 
pool level, among others signs of rejuvenation (Papaconstantinou 
et al., 2015). All these studies support the notion that attenuation of 
p38 signaling functions as a major mechanism that delays 




























p38 MAPK mediates stress adaptive responses, as well as 
other physiological processes such as skeletal muscle 
differentiation, or pathological situations like cancer. This work is 
the result of a collaboration between two laboratories with common 
interests: getting insights into the role p38 in these diverse 
processes. In this PhD Thesis we explored in further detail the 
function of p38 signaling in cellular stress and skeletal muscle 
differentiation. For practical reasons, I divided this study in three 
different parts. 
 
Part I: Role of RB phosphorylation by p38 in stress adaptation, 
cell proliferation and cancer. 
 
Cell cycle progression is delayed upon stress. In this study 
we aimed to understand the mechanisms involving the modulation 
exerted by p38 MAPK in cell cycle. The objectives for this part 
were: 
 
1. To explore the role of p38 MAPK in cell cycle modulation upon 
stress by phosphorylation of the essential regulator RB. 
2. To decipher the functional relevance of this phosphorylation in 
RB transcriptional activity, cell cycle progression and survival. 
3. To evaluate the impact of this phosphorylation in cell 
proliferation and cancer cell growth.  
4. To elucidate the mechanism by which p38 phosphorylation on 
RB modulates its activity.  
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Part II: Role of RB phosphorylation by p38 MAPK in muscle 
cell differentiation. 
 
p38 and RB are both essential in the transition from 
proliferation to differentiation that leads to myofiber formation. We 
aimed to assess the importance of RB phosphorylation by p38 
MAPK in several muscle cell differentiation models. Our aims were: 
 
1. To investigate the biological relevance of RB phosphorylation 
by p38 in a physiological process different from stress 
adaptation, such as skeletal myogenesis. 
2. To explore the contribution of a p38-phosphorylated RB in a 
muscle-related cancer model as rhabdomyosarcoma. 
 
Part III: Role of p38α in muscle stem cell aging. 
 
The number and the functionality of muscle stem cells 
(satellite cells) decline dramatically during aging. How satellite cells 
avoid acquisition of the senescence program until advanced age is 
largely unknown. The objectives for this study were: 
 
1. To determine the contribution of p38α MAPK to satellite cell 
function during aging. 
2. To assses the physiological relevance of p38-deficiency in 
satellite cells from aged mice. 
3. To study the mechanisms underlying the phenotypic effects 
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III. EXPERIMENTAL PROCEDURES 
 
Part I: The N-Terminal Phosphorylation of RB by 
p38 Bypasses Its Inactivation by CDKs and 
Prevents Proliferation in Cancer Cells. 
 
Albert Gubern, Manel Joaquin,  Miriam Marquès, Pedro Maseres, 
Javier Garcia-Garcia, Ramon Amat, Daniel González-Nuñez, Baldo 
Oliva, Francisco X. Real, Eulàlia de Nadal and Francesc Posas. 
 
Mol Cell. 2016 Journal 64(1):25-36. 
 
Details regarding oligonucleotides, cell lines, plasmids, 
viruses, and antibodies, as well as detailed information regarding 
the methods and other experimental procedures including bacterial 
expression and purification of recombinant proteins, in vitro kinase 
assay, western blotting, immunoprecipitation, chromatin 
immunoprecipitation (ChIP) and immunocytochemistry, are 
included in the ’Supplemental Experimental Procedures’ section in 
the attached paper.  
 
Cell culture, Transfection, and Infection. 
 
HEK293T, wild type mouse embryo fibroblasts (MEFs), 
p38α-/- MEFs, RB-/- MEFs, MCF7, PK9, 235J and MDA-MB-231 
cells were all maintained in Dulbecco’s modified Eagle’s medium 
(Biological Industries) containing 10% fetal calf serum (Sigma) and 
supplemented with 1 mM sodium pyruvate, 2 mM L-glutamine, 100 
U/ml Penicillin and 100 μg/ml Streptomycin (GibCO) and were 
cultured in a 5% CO2 humidified incubator at 37 ºC. When 
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indicated, cells were treated with 100-250 mM NaCl, 400-1200 μM 
H2O2 or 5-50 ng/ml Anisomycin. When indicated, cells were 
incubated with 1 μM SB203580 (Calbiochem) for 30 minutes or 0.5 
μM BIRB796 (Merck-Millipore) for 2 hours prior to the treatments.  
 
Cells were transiently transfected with the indicated 
plasmids using the FuGENE 6 transfection reagent (Roche Applied 
Science), Lipofectamin LTX or Lipofectamin 3000 (Invitrogen) 
according to the manufacturer's directions. 
 
Regarding infection, supernatants containing lentiviruses 
were produced in transfected HEK293T cells. Briefly, HEK293T 
cells were cotransfected with the lentiviral vector pLVX along with 
the lentiviral packaging and envelope vectors pMDG2 and psPAX2 
and were left for 48 hours before harvesting the media. After a brief 
centrifugation to remove cell debris, cleared supernatants were 
added directly to cell culture dishes in which MDA-MB-231 cells 
were growing.  
 
Plasmids and constructs. 
 
The following plasmids were used. pGEX2TK-RB (human) 
was provided by Dr. Mayol (IMIM, Barcelona). RB fragments were 
obtained by digestion of the full length pGEX2T-RB. The myc-
tagged RBs were obtained by PCR amplification using the full-
length RB of pGEX2TK-RB as a template, and cloned into the 
pCDNA3-myc N-terminal tagged. The RB mutants were generated 
using the Quickchange XL site directed mutagenesis kit from 
Stratagene following the manufacturer’s instructions. pEFmlink-
MKK6DD (with the two phosphorylation sites Ser 207 and Thr 211 in 
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the activation loop of MKK6 changed to Glu) has been described 
(Alonso et al., 2000). pGEX2T1-MKK6DD was obtained by PCR 
amplifying MKK6DD from pEFmlink-MKK6DD and cloning it the 
pGEX2T1 plasmid. pMT3-HAp38α was obtained from Addgene 
(12658). pGEX5x3-p38α was obtained by PCR amplifying p38α 
from pMT3-HA-p38α and cloning it into the pGEX5x3 plasmid. 
Mutagenesis primer pairs and probes for cloning are detailed in the 
‘Supplemental Experimental Procedures’ section. 
 
pRC-HA-CDK4, pRC-HA-CycD, pRC-HA-CDK2, pRC-HA-
CycA2, and pRC-HA-CycE1 were a gift from Dr. Watson (Institute 
of Clinical Sciences, University of Birmingham) and can be found in 
Addgene (1876, 8958, 1884, 8959 and 8963, respectively). pGL2-
E2F-luc, pRC-HA-E2F1 and pcDNA3-HA-DP1 were a gift from Dr. 
Tauler (UB, Barcelona). The lentiviral vectors pMD2G and psPAX2 
were obtained from Dr. Trono (EPFL, Lausanne) and pLVX-




Anti-E2F1 (sc-251), anti-RB (sc-50), anti-cycA (sc-596), 
anti-GAPDH (sc-32233) and anti-p38 (sc-535) were obtained from 
SantaCruz. Anti-RB (9309), anti-p38α (9228), anti-phospho-S795-
RB (9301), anti-phospho-S780-RB (9307), anti-phospho-p38 
(9215), anti-phospho-S608-RB (2181) and anti-phospho-S807/811-
RB (9308) were purchased from Cell Signaling. Anti-RB 
(BDPharmingen, 554136), anti-tubulin (Sigma, S9026), anti-GST 
(GE Healthcare), anti-phospho-T373-RB (Abcam, ab52975) and 
anti-RNA Pol II (8WG16) (Abcam) were also obtained for the study. 
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Mouse monoclonal anti-HA and mouse monoclonal anti-myc were 
from the 12CA5 and 9E10 hybridomas, respectively.  
 
Rabbit polyclonal antibodies specifically targeting RB 
phosphorylation at S249/T252 were generated by Genscript 
Corporation. Horse Radish Peroxidase-conjugated anti-rabbit and 
anti-mouse antibodies and the Enhanced Chemiluminiscence kit 
were purchased from GE Healthcare. 
 
Bacterial expression and purification of recombinant proteins. 
 
GST-fused proteins were purified as described in the 
‘Supplemental Experimental Procedures’. GST-p38α was 
activated in vitro by mixing with GST-MKK6DD, and it was used to 
phosphorylate either GST-fused RB purified from E. coli or 
immunoprecipitated RB from mammalian cells.  
 
Luciferase reporter assays. 
 
Cells were transfected with E2F-luc, HA-E2F1, and HA-DP1 
in the presence or absence of myc-RB, myc-RB249A/T252A, myc-
RB249E/252E, and/or HA-tagged CDK2, CDK4, CycE, and CycA, as 
indicated in the figures. Treated cells were washed twice with cold 
PBS and were lysed with cell culture lysis reagent (Promega). Cell 
lysates were cleared by microcentrifugation. Luciferase reporter 
activity in cell supernatants was measured using a Luciferase 
Reporter Assay kit (Promega) and a Microlumat LB 960 
luminometer (Berthold Technologies). The total amount of protein 
in the cell extracts was measured using the Bradford reagent (Bio-
Rad). Protein-corrected luciferase reporter activities are shown. 
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RNA purification and Real Time (RT)-PCR mRNA analysis  
 
Total RNA was purified from MEF cells using the RNeasy kit 
(Qiagen) following the manufacturer's instructions. Total RNA (100 
ng) was then converted to cDNA using the reverse transcriptase 
Superscript kit (Invitrogen) according to the manufacturer's 
protocol. cDNA was analyzed by real-time PCR using a DNA 
Biosystems 7700 sequence detector and the SYBR Green kit 
(Applied Biosystems). Real-time PCRs were performed in triplicate 
and were referenced to the GAPDH mRNA levels. The following 
oligonucleotides were used:  
 
 Forward primer Reverse primer 
MAD2 AGGATGAAATTCGCTCAG CATTGACAGGGGTTTTGT 
E2F1 GGATCTGGAGACTGACCA CTCCAGGACATTGGTGAT 
BRCA1 ACTGAAAGGCATCCAGAA GAACCTGCCTGTCGTTAC 
CycA2 GTCCTTCATGGAAAGCAG  ACGTTCACTGGCTTGTCT 
CycE1 CCTCCAAAGTTGCACCAGTT GGACGCACAGGTCTAGAAGC 
p107 TCTTGTATGCGGAATCCT ATCTCCATTCCATGAAGC 
MCM7 ACCTATGTCCACCAGCAC CCAGAGCAGTGGAAAGTC 
PCNA GGCAATGGGAACATTAAG GTCCCATGTCAGCAATTT 
RRN2 AGGATGAGCCGTTACTGA TAAATCGCTCCACCAAGT 
GAPDH AATTCAACGGCACAGTCAAGG GGATGCAGGGATGATGTTCTG 
 
Chromatin-immunoprecipitation (ChIP) assays. 
 
Cells were cross-linked with formaldehyde. 
Immunoprecipitation of DNA fragments was analyzed by real-time 
PCR. RT-PCR results were referenced to the inputs, and they are 
represented as fold induction over the mock-transfected cells. For 
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ChIP assays of tagged proteins, a mock ChIP where the 
corresponding empty vector plasmid had been transfected was 
carried out; DNA amplified from the mock IP is regarded as 
background. A detailed ChIP protocol is described in 
‘Supplemental Experimental Procedures’. Immunoprecipitated 
DNA fragments were analyzed using PCR or RT-PCR as described 
above. PCR primers for the individual genes assayed are the 
following:  
 
 Forward primer Reverse primer 
hCycA2 CCCCAGCCAGTTTGTTTC TCAAGTTCATAG 
hE2F1 GCGTTAAAGCCAATAGGA CTTTTACGCGCCAAATC 
mCycA2 CTCCCGCCCTGTAAG ATTC AGTTCAAGTATCCCGCGACT 
h, human and m, mouse. 
 
RT-PCR results were referenced to the inputs, and are 
represented as fold induction over the mock transfected cells. For 
ChIP assays of tagged proteins, a mock ChIP where the 
corresponding empty vector plasmid had been transfected was 
carried out; DNA amplified from the mock IP is regarded as 
background. 
 
Cell-cycle analysis and cell viability. 
 
Exponentially growing wild type, RB-/- MEFs and MCF7 
cells were stressed with NaCl, H2O2 or anisomycin as indicated in 
the figures, and treated with nocodazole (Sigma) after 1 hour (final 
concentration 100 ng/ml) to trap the cells in the G2/M phase. DNA 
was labeled in vivo with Hoechst 33342 (Sigma, 8 μM) for 1 hour 
before trypzinization of the cells and collection for fluorescence-
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activated cell sorting (FACS) analysis of cell-cycle. Cell viability in 
response to stress was assessed by labeling living cells with 
propidium iodide (PI, 1 μg/ml for 10 minutes), followed by FACS 
analysis. The stained cells were acquired on an LSR flow 
cytometer (Becton Dickinson) using CellQuest software. Cell cycle 
profiles and viability were then analyzed using WinMDI software. 
  
Colony formation assays. 
 
For colony formation assays, cells were transfected with the 
indicated constructs. Cells were tryspinized, counted and then 
seeded out in appropriate dilutions to form colonies in 1-2 weeks. 
Colonies were fixed with paraformaldehyde (3.7%) for 10 minutes 
and then stained with crystal violet (0.05%) for 10 minutes, washed 
twice with water and left inverted until dry. Colony area occupancy 
was analyzed using ImageJ software.  
 
In vivo xenografts. 
 
GFP-positive sorted, lentivirally transduced MDA-MB-231 
cells were suspended in PBS containing 75% Matrigel (BD 
Bioscience). The cells (106) were injected subcutaneously into 8-
10 week-old Hsd:Athymic Nude-Foxn1nu female mice (Envigo, 
Barcelona, Spain) (n=5-7/group) and the mice were housed under 
specific pathogen-free conditions at CNIO (Spanish National 
Cancer Research Center). Once the mean tumor volume reached 
0.1 cm3, mice were randomized to receive, or not, a doxycycline-
containing diet. Tumor diameters were measured with a digital 
caliper and the tumor volume was calculated using the formula: 
volume = (width)2 x length/2. Animal procedures were approved by 
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the Ethics Committee for Research and Animal Welfare of Instituto 
de Salud Carlos III and the General Guidance of the Environment 
of Madrid Community, and were performed following the guidelines 
for Ethical Conduct in the Care and Use of Animals as stated in 
“The International Guiding Principles for Biomedical Research 
involving Animals”, developed by the Council for International 
Organizations of Medical Sciences. 
 
In silico modeling. 
 
For in silico modeling, the structure of the N-terminal 
domain region 244-269 of RB was modeled by different 
approaches (among them, Swiss-Model server and iTASSER) due 
to the lack of templates with sufficient similarity and percentage of 
identity to be used as templates. Details about in silico modeling 





Statistical analysis was performed using Prism version 3.0 
(GraphPad). Data were analyzed using Student’s t test and one-
way ANOVA, followed by post hoc Bonferroni tests when 
appropriated. Data are presented as means ± SE and p < 0.05 was 
considered significant. Experiments were performed in triplicate 
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Part II: Role of RB phosphorylation by p38 MAPK 
in muscle cell differentiation. 
 
Cell culture, Transfection, and Infection. 
 
C2C12 cells were cultured in DMEM containing 10% FCS, 
100U/ml penicillin, 100μg/ml streptomycin, 0.001% Fungizone, (GM 
growth medium). The medium was changed daily and cultures 
were passaged 1:3 as they reached 60-70% confluence. To induce 
differentiation, GM was replaced by differentiation medium DM 
(DMEM supplemented with 2% horse serum, 2 mM L-glutamine, 
100U/ml penicillin, 100μg/ml streptomycin and 0.001% Fungizone) 
at myoblast subconfluence. Rh30 cells were cultured in RPMI 1640 
medium containing 20% FCS, 100U/ml penicillin, 100μg/ml 
streptomycin, and 0.001% Fungizone. To induce differentiation, 
GM was replaced by DM (same as with C2C12 cells) at 
subconfluence. 
 
C2C12 and Rh30 cells were transiently transfected with the 
indicated plasmids using the Lipofectamin 3000 reagent 
(Invitrogen) according to the manufacturer's instructions. Cells were 
infected as it was detailed in the first part (Gubern et al., 2016). 
Lentiviral particles were obtained cotransfecting pLVX-GFP-RBs 
(wild-type and mutants) or pLVX-myc-MKK6DD with the lentiviral 




The HA-tagged RB mutants were obtained by digestion and 
cloning using the full-length myc-tagged RBs as a template 
EXPERIMENTAL PROCEDURES   
98 
 
(Gubern et al., 2016) into a pEFmlink-HA-RB vector backbone. The 
pLVX-myc-MKK6DD vector was obtained by digestion and cloning 
using the pEFmlink-MKK6DD as a template and the pLVX-TetOne-




Anti-phospho-p38 (Cell Signaling, 9215), anti-p38 (Cell 
Signaling, L53F8), anti-RB (BDPharmingen, 554136), anti-tubulin 
(Sigma, S9026) and rabbit polyclonal antibody specifically targeting 
RB phosphorylation at S249/T252 (Genscript) were used as in the 
previous part (Gubern et al., 2016). Mouse monoclonal anti-
Myogenin (F5D) and anti- eMHC (F1.652) were obtained from the 
Developmental Studies Hybridoma Bank. 
 
RNA purification and Real Time (RT)-PCR mRNA analysis.  
 
Total RNA was purified from C2C12 cells using the RNeasy 
Mini kit (Qiagen) following the manufacturer's instructions. Total 
RNA (300 ng) was then converted to cDNA using the RT 
Superscript III kit (Invitrogen) according to the manufacturer's 
protocol. cDNA was analyzed by RT-PCR using a DNA Biosystems 
7700 sequence detector and the SYBR Green kit (Applied 
Biosystems). RT-PCRs were performed in triplicate and were 
referenced to the GAPDH mRNA levels. The following 
oligonucleotides were used:  
 
 Forward primer Reverse primer 
MyoG GGTGTG TAAGAGGAAGTCTGTG TAGGCGCTCAATGTACTGGAT 
Cav3 GGATCTGGAAGCTCGGATCAT TCCGCAATCACGTCTTCAAAAT 
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Part III: Role of p38α in muscle stem cell aging. 
 
Generation of conditional p38αΔPax7 mice.  
 
Mice carrying the floxed p38α, allele were generated by 
Boehringer Ingelheim Pharmaceuticals Inc. (Ridgefield, USA). 
Floxed p38α mice were crossed to Pax7Cre line (kindly provided by 
M. Capecchi) to obtain p38αΔPax7 knockout mice. All animal 
experiments and isolation of satellite cells from wild type and 
knockout mice were approved by the ethics committee of the 
Barcelona Biomedical Research Park (PRBB) and by the Catalan 
Government and used sex-,age- and weight-matched littermate 
animals. 
 
Induction of muscle regeneration. 
 
Young adults (2-3 months) and aged (18-24 months) mice 
were anaesthetized with ketamine/xylazine (80/10 mg kg−1, 
intraperitoneally). Regeneration of skeletal muscle was induced by 
intramuscular injection of cardiotoxin (CTX, Latoxan; 10−5 M) in the 
tibialis anterior (TA) muscle of the mice as described (Suelves et 
al., 2007; Sousa-Victor et al., 2014; García-Prat et al., 2016). At the 
indicated time after injury (7 days), mice were killed and TA 
muscles were dissected, frozen in isopentane cooled with liquid 
nitrogen, and stored at −80 °C until analysis. Histology and 
immunohistochemistry in muscle cryosections was performed as 
previously described (Sousa-Victor et al., 2014). Regeneration was 
assessed in young (n=2) and aged (n=3) wild-type and p38αΔPax7 
mice. 
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Satelite cell isolation by FACS and culture.  
 
FACS isolation of satellite cells and subsequent culture 
were performed as previously described (Sousa-Victor et al., 
2014). Briefly, muscles were mechanically disaggregated and 
dissociated in Ham’s F10 media containing collagenase D 0.1% 
(Roche) and Trypsin-EDTA 0.1% at 37 °C for 20 min twice and then 
filtered. Cells were then incubated in lysing buffer (BD Pharm Lyse) 
for 10 min on ice, resuspended in PBS with 2.5% goat serum and 
counted. PE-Cy7-conjugated anti-CD45 (Biolegend 103113/14), 
anti-CD31 (Biolegend 102418), anti-CD11b (Biolegend 101215/16) 
and anti-Sca-1 (Biolegend 108113/14) antibodies were used to 
exclude the Lin (−) negative population and Alexa647-conjugated 
anti-CD34 (BD Pharmigen 560230) and PE-conjugated anti-α7-
integrin (Ablab AB10STMW215) were used for double-positive 
staining of quiescent satellite cells. Cells were sorted using a FACS 
Aria II (BD).  
 
Primary myoblast cultures were maintained on a routinary 
basis on collagen-coated dishes in Ham’s F10 medium 
supplemented with 20% FCS, 100U/ml penicillin, 100μg/ml 
streptomycin, 0.001% Fungizone and 5 ng/ml bFGF (GM). 
Experiments were performed by plating cells on Matrigel™ (BD 




Proliferation assays were performed as it was previously 
described in other works from our laboratory (Perdiguero et al., 
2007a; Sousa-Victor et al., 2014a; García-Prat et al., 2016). Briefly, 
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activated satellite cells were plated in 12-well plates and, after 24h 
proliferating, pulsed with BrdU (1.5 μg ml−1; Sigma) 1h prior to 
fixation in 3.7% formaldehyde for 10 minutes. BrdU-labelled cells 
were detected by immunostaining using rat anti-BrdU antibody 
(Oxford Biotechnology; 1:500) and a specific secondary 
biotinylated goat anti-rat antibody (Jackson Inmunoresearch; 
1:250). Antibody binding was visualized using Vectastain Elite ABC 
reagent (Vector Laboratories) and DAB. BrdU-positive cells were 
quantified by counting the cells under a microscope and results 
were expressed as a percentage of the total number of cells 
analyzed. For this assay, the number of mice (isolated satellite 
cells) per group analyzed is the following: young p38αWT n=3, 
young p38αΔPax7 n=2, aged p38αWT n=10, aged p38αΔPax7 n=3. 
 
Senescence-associated β-galactosidase activity. 
 
Senescence-associated β-galactosidase (SA-β-gal) activity 
was detected in freshly isolated satellite cells using the 
Senescence β-Galactosidase Staining kit (Cell signaling), 
according to the manufacturer’s instructions. For this assay, the 
number of mice (isolated satellite cells) per group analyzed is the 
following: young p38αWT n=5, young p38αΔPax7 n=2, aged p38αWT 




Anti-p38 (Cell Signaling, L53F8), anti-tubulin (Sigma, 
S9026) and p16INK4a (Santa Cruz, sc-1207), and anti-eMHC 
(Developmental Studies Hybridoma Bank, F1.652) antibodies were 
used. 
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RNA purification and Real Time (RT)-PCR mRNA analysis.  
 
Total RNA was purified from freshly isolated or cultured 
satellite cells using the RNeasy Micro kit (Qiagen) following the 
manufacturer's instructions. Total RNA (300 ng) was then 
converted to cDNA using the reverse transcriptase Superscript III 
kit (Invitrogen) according to the manufacturer's protocol. cDNA was 
analyzed by real-time PCR using a DNA Biosystems 7700 
sequence detector and the SYBR Green kit (Applied Biosystems). 
Real-time PCRs were performed in triplicate and were referenced 
to the GAPDH mRNA levels. The following oligonucleotides were 
used:  
 
 Forward primer Reverse primer 
p16INK4a 
CAT CTG GAG CAG CAT  
GGA GTC 
GGG TAC GAC CGA AAG  
AGT TCG 
 
For this assay, the number of mice (isolated satellite cells) 
per group analyzed is the following: young p38αWT n=6, young 
p38αΔPax7 n=2, aged p38αWT n=5, aged p38αΔPax7 n=4. 
 
Chromatin immunoprecipitation (ChIP) assays of H2AK119Ub 
repressive mark.  
 
H2AK119Ub ChIPs in different regions of the INK4a locus were 
performed as previously described (Sousa-Victor et al., 2014; 
García-Prat et al., 2016).  Briefly, FACS-isolated satellite cells from 
resting muscle of p38αΔPax7 and wild-type mice from different ages 
were cross-linked with 1% formaldehyde for 15 min at room 
temperature. For each ChIP, 20,000 cells were lysed and 
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chromatin was sonicated in a Bioruptor (Diagenode) for 12 cycles 
(30′′on/30′′ off). Sonicated chromatin was then diluted and 
subjected to immunoprecipitation using ChIP Low Cell kit 
(Diagenode) following the manufacturer’s recommendations, with 
specific anti-H2AK119ub (noted as H2Aub) antibody (ABE569 
Millipore) plus rabbit anti-mouse IgM antibody (Millipore 12-488). 
Bound fraction and input were analysed by qPCR using specific 
primer sets for the INK4a locus: 
 
 Forward primer Reverse primer 










Whole muscle graft. 
Whole muscle grafts experiments, also called heterografts, 
were performed as follows: the Extensor digitorum longus (EDL) 
muscle of aged mice was grafted onto the tibialis anterior (TA) 
muscle of 3 months-old wild-type mice (n=3 mice were analyzed). 
Briefly, the EDL muscles with both tendons attached were removed 
from the anatomical bed and transplanted onto the surface of the 
TA muscle of the recipient mouse. The tendons were sutured onto 
the underlying tissues. The skin was closed and the grafts were 
allowed to regenerate. The transplanted EDL myofibers degenerate 
but commence to regenerate and undergo de novo myogenesis at 
the expense of its own satellite cells (Grounds et al., 2005). When 
indicated, p38AF-containing adeno-associated virus (AAV2/1) were 
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used to inhibit p38 signaling by localized slow injection of a 15 µl 
PBS solution into the EDL muscle just before grafting, using a 
Hamilton syringe. Viral dose was 0,2-0,4 x 1010 PFU/muscle. AAVs 
were generated by cloning a dominant-negative mutant of p38 
(p38AF), kindly donated by David Engelberg, into an AAV2/1 
backbone provided by the Centre for Animal Biotechnology and 
Gene Therapy (CBATEG, UAB Barcelona), where the viral 
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The p38 MAPK controls cell proliferation through the 
activation of different cell cycle checkpoints, and accordingly, it has 
been considered to act as a tumor suppressor (Ambrosino and 
Nebreda, 2001; Bulavin and Fornace, 2004). Upon different types 
of stress, p38 has a critical role in cell cycle arrest at G1/S and 
G2/M phase transitions, dependent on different mechanisms 
(Reinhardt et al., 2007; Cuadrado et al., 2009; Lafarga et al., 2009; 
Joaquin et al., 2012a,b).  
 
The Retinoblastoma (RB) tumor suppressor protein is also 
critical for cell cycle progression from the G1 to S phase in 
mammalian cells. RB negatively regulates E2F transcription factors 
(Henley and Dick, 2012) through its association with other binding 
partners, as chromatin-remodeling complexes (Brehm and 
Kouzarides, 1999), In G1, RB acts as a transcriptional repressor, 
and becomes inactivated following CDK phosphorylation at the 
G1/S transition, releasing the repression machinery from E2F-
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dependent promoters and allowing cells to progress into S phase 
(Henley and Dick, 2012). 
 
In this work we showed that p38 MAPK maximizes cell 
survival upon stress by downregulating the E2F transcriptional 
program through the direct targeting of RB. RB phosphorylation by 
p38 in its N terminus results in an RB insensitive to CDK 
inactivation. Moreover, this phosphorylation on RB increases its 
affinity towards E2F, represses E2F-driven transcription, and 
delays cell-cycle progression. Remarkably, the expression of a 
phosphomimetic RB mutant in cancer cell lines reduces colony 
formation and decreases their proliferative and tumorigenic 
potential in a mouse xenograft model. 
 
1. p38 and RB mediate the downregulation of cyclin 
expression upon stress. 
 
p38 is critical for cell cycle arrest at G1 phase upon stress 
(Reinhardt et al., 2007; Cuadrado et al., 2009; Lafarga et al., 2009; 
Joaquin et al., 2012a,b). We assessed whether G1 arrest upon p38 
(α isoform) activation occurs through regulation of gene expression. 
Upon p38 activation by different stresses (NaCl, H2O2 or 
Anisomycin) (Figures 1A and S1A) or genetically by a 
constitutively active form of its upstream kinase (MKK6DD) (Figure 
S1D), we observed a clear downregulation of E2F-dependent gene 
expression (not observed in p38α knockout cells (p38α-/-)). As in 
p38α-/- cells, RB knockout cells (RB-/-) were unable to downregulate 
E2F-dependent gene transcription upon stress (Figures 1A, S1A, 
S1C and S1D). Therefore, we hypothesized that downregulation of 
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cell-cycle gene expression could be mediated by p38 through RB 
regulation. 
 
2. The p38 MAPK interacts with and phosphorylates 
Ser249 and Thr252 at the N-terminal region of RB.  
 
Previous studies reported that p38 directly associates with 
RB (Li and Wicks, 2001; Cho et al., 2010). We confirmed this 
interaction in vivo by co-immunoprecipitation assays (Figure S1E), 
and endogenously with specific antibodies (Figure S1F). Moreover, 
p38 directly targeted RB in an in vitro kinase assay using purified 
proteins. As p38 efficiently phosphorylated full length RB (Figure 
S2A), we determined in which of the 16 putative S/TP MAPK 
consensus residues takes place this phosphorylation. Truncated 
versions of RB were subjected to in vitro phosphorylation, being the 
N-terminal fragment the only one phosphorylated by p38 (Figure 
S2B). By single and double S/TP site mutants analysis, we 
elucidated the specific residues phosphorylated in the N terminus 
(Ser249 and Thr252) (Figure S2C). RB phosphorylation by p38 
was completely abolished in vitro following the combined mutation 
of these sites into alanine in a full-length RB (RBS249A/T252A) (Figure 
1B).  
 
To further investigate RB phosphorylation by p38 we 
generated a specific polyclonal antibody against the doubly 
phosphorylated RB (Figure S2D). We detected p38α-mediated 
phosphorylation in vitro in a purified full-length RB (Figure S2E), 
and in vivo in cells challenged with different stresses or genetic 
activation by MKK6DD, while it was abolished in RB-/- and p38α-/- 
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cells or upon p38αβ inhibition (SB203580) (Figures 1C, 1D and 
S2F). A wild-type RB expressed in cells was specifically 
phosphorylated upon p38 activation, differently from the not-
phosphorylatable RBS249A/T252A mutant in the same conditions 
(Figures 1E and S2G). In vivo RB phosphorylation by p38 was 
also observed upon different stresses by immunofluorescence 
(Figure 1F). All these data confirmed that p38 phosphorylates the 
N-terminal domain of RB in Ser249 and Thr252 sites, both in vitro 
and in vivo. 
   
3. Phosphorylation of RB by p38 increases RB activity 
as a transcriptional repressor. 
 
To evaluate the functional relevance of RB phosphorylation 
by p38, we took advantage of an E2F reporter system (Krek et al., 
1993) to monitor RB activity. The decrease in E2F-driven luciferase 
activity upon stress was fully suppressed upon p38 inhibition, 
reinforcing its dependence on p38 activity (Figures 2A and S3A). 
In stress conditions, differently from wild-type RB, the RBS249AT252A 
mutant could not repress E2F-mediated transcription (Figure 2B), 
while it was as effective as the wild-type in the absence of stress 
(Figures 2B, S3B and S3D). Then, we hypothesized that the 
expression of a phosphomimetic mutant (RBS249ET252E) would be 
able to repress transcription even in the absence of stress or p38 
activation. Indeed, the RBS249ET252E mutant repressed E2F 
transcription in non-stressed cells, in a similar manner than the 
stressed wild-type (Figure 2B).  
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To further validate these results, we monitored endogenous 
E2F-regulated gene expression. Upon stress, cells expressing a 
wild-type RB downregulated the expression of CycA2 and E2F1 
transcripts, but this downregulation did not take place inhibiting p38 
activity or when transcription was regulated by the RBS249AT252A 
mutant (Figures 2C, 2D and S3E). Moreover, even without stress, 
the RBS249E/T252E mutant repressed endogenous CycA2 and E2F1 
expression (Figures 2D and S3E). 
 
Since RB is able to inhibit transcription by direct association 
with E2F-dependent promoters (Dick and Rubin, 2012), we tested 
whether the observed E2F-mediated transcriptional repression 
resulted from an increased RB association to the E2F promoters. 
We first observed that RNA pol II binding to the CycA2 promoter 
decreased in wild-type cells upon different stresses, but this was 
not the case in RB-/- cells (Figure S3F). Then, we assessed RB 
association to CycA2 and E2F1 promoters, which was clearly 
increased in wild-type RB expressing cells following p38 activation, 
but this did not occur upon p38 inhibition or in cells expressing the 
RBS249AT252A mutant (Figures 2E, 2F and S3G). Moreover, the 
phosphomimetic mutant associated with these promoters in the 
absence of stress, similarly as the stressed wild-type RB (Figure 
2F and S3G). Thus, an increased binding of RB with E2F-
dependent promoter would be the cause of the decreased gene 
expression observed upon RB phosphorylation. Altogether, these 
results highlighted the relevance of the N-terminal phosphorylation 
by p38 in transcriptional repression upon stress. 
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4. RB phosphorylation by p38 leads to cell cycle delay 
and increased cell survival upon stress. 
 
At this point, we assessed the biological relevance of RB 
activity regulation upon stress. To do that, we evaluated the effect 
of RB phosphorylation by p38 on cell cycle progression in wild-type 
and RB-/- cells. We monitored cell cycle progression from G1 to 
G2/M phase (in nocodazole-treated cells), where stress-mediated 
p38 activation promoted a G1 arrest that was partially suppressed 
in RB-/- cells, highlighting the requirement of a functional RB to 
block the cell cycle in this context (Figure 3A). Furthermore, cell 
cycle arrest upon stress was rescued when we reintroduced a wild-
type RB in RB-/- cells, but this was not observed when we 
expressed the RBS249AT252A mutant, which behaved similarly to RB 
knockout cells (Figure 3A). Thus, N-terminal phosphorylation of 
RB by p38 is crucial for the cell-cycle delay caused by stress. 
 
Cell cycle delay in the G1 phase is critical for cell survival in 
response to stress in yeast and mammals (Escoté et al., 2004; 
Joaquin et al., 2012a,b). We assessed cell viability upon different 
stresses, turning to be RB-/- cells more sensitive than RB wild-type 
cells (Figures 3B and S4B). RB-/- cells were able to restore cell 
survival upon stress when we reconstituted the expression of a 
wild-type RB, but this did not occur when we expressed the 
RBS249AT252A mutant, where survival was as low as in the RB-/- cells 
(Figure 3B). Given all these data, we concluded that the delay in 
cell-cycle progression mediated by p38-phosphorylated RB 
maximizes cell survival upon stress. 
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5. p38-phosphorylated RB is resistant to inactivation by 
CDKs. 
 
During cell cycle, RB is phosphorylated by CDKs mostly in 
the C terminus and its pocket domain, inactivating RB activity by 
promoting its dissociation from E2F (Rubin, 2013; Munro et al., 
2012). Conversely, RB phosphorylation by p38 takes place in the 
N-terminal domain with an opposite effect. We wanted to assess 
whether the activating phosphorylation by p38 could override the 
inactivating RB phosphorylation by CDKs. To demonstrate this, we 
expressed wild-type or the mutant RBs in combination with 
CDK4/CycD and CDK2/CycA. Of note, the mutant versions of RB 
were phosphorylated by CDKs to the same extent as wild-type RB 
(Figures 4A and 4B). We monitored RB activity upon CDK 
phosphorylation, observing a clear increase in E2F-mediated 
transcription when we overexpressed CDK activity in wild-type RB 
cells, but this effect was suppressed in the presence of stress 
(Figure 4C). Even upon stress, cells expressing the RBS249AT252A 
mutant were unable to repress E2F-driven transcription mediated 
by CDKs, while cells expressing the RBS249ET252E mutant did not 
show any increase in transcription and behaved as the stressed 
wild-type regardless of CDK expression, (Figure 4C).  
 
Given these observations, we analyzed RB association with 
an endogenous E2F-regulated promoter (CycA2) in this context. In 
the absence of stress, RB dissociated from the CycA2 promoter 
upon CDK activation, but it remained bounded upon stress (Figure 
4D). On the other hand, the dissociation of the RBS249AT252A mutant 
from this promoter occurred even in stress conditions. Moreover, 
the phosphomimetic RBS249ET252E mutant strongly associated with 
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the CycA2 promoter in the absence of stress, and this association 
was not affected by high CDK activity (Figure 4D). We obtained 
similar results when we assessed RB association to E2F1 promoter 
(Figure S4C). We concluded that the phosphorylation of RB by p38 
prevents RB inactivation by CDKs. Consistent with these data, the 
association between E2F with RB decreased upon CDK2 
phosphorylation, whereas it was more efficient upon p38 
phosphorylation (Figure 4E). Remarkably, the association of p38-
phosphorylated RB with E2F was not altered by CDK2 
phosphorylation, supporting the notion that p38 phosphorylation is 
predominant over the effect of CDK phosphorylation. 
 
A large body of evidence supports that CDK activation 
results in RB inactivation, which promotes cell proliferation as a 
consequence of a suppressed RB function (Hassler et al., 2007; 
Burke et al., 2010, 2012). We hypothesized that the expression of 
an RB insensitive to CDK inactivation should inhibit cell 
proliferation, even in a background of high CDK activity. We 
observed that, conversely to wild-type, expression of the 
RBS249ET252E mutant was sufficient to prevent proliferation in the 
presence of high CDK activity (Figures 4F and S4D). Therefore, 
the p38-mediated phosphorylation of RB, or the mutation that 
mimics it, results in a RB insensitive to CDK regulation that is able 
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6. The mutant that mimics RB phosphorylation, 
RBS249ET252E, prevents cancer cell proliferation. 
 
A common feature in the vast majority of cancers is a 
dysregulated proliferation, generally as a consequence of 
mutations that lead to an increased CDK activity (Burkhart and 
Sage, 2008; Stone et al., 2012; Manning and Dyson, 2012; 
Hanahan and Weinberg, 2011; Chinnam and Goodrich, 2011). We 
investigated if the p38-mediated phosphorylation of RB could inhibit 
the proliferation of cancer cells with a high CDK background, as it 
was proved to be dominant over CDK phosphorylation. We 
assessed cell growth in a breast cancer cell line (MCF7) where, 
differently from cells expressing wild-type RB, those expressing the 
phosphomimetic mutant exhibited a clear defect in proliferation 
after 72 hours (Figures 5A and S5A), remained in G1 phase for a 
longer time (Figure 5B) and were more efficient repressing E2F-
mediated transcription than cells carrying an empty vector or 
expressing a wild-type RB (Figure 5D). At a long-term, the colony-
forming ability of MCF7 cells was strongly reduced by the 
expression of the RBS249ET252E mutant (Figures 5C and S5B). We 
obtained similar results in PK9 (pancreatic cancer) and 235J 
(bladder cancer) cells regarding the effects of the RBS249ET252E 
mutation on cell proliferation and E2F-mediated transcription 
(Figures 5C, 5D and S5B). Furthermore, cells expressing the 
RBS249AT252A allele did not display any effect on cell proliferation 
(Figure S5C). We concluded that the expression of a mutant 
mimicking the p38-mediated N-terminal phosphorylation of RB is 
able to inhibit the proliferation of cancer cells. 
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Given all these observations, we decided to test the ability 
of the RBS249ET252E mutant to inhibit cell proliferation in vivo in a 
mouse xenograft model. MDA-MB-231 breast cancer cells were 
transduced with a Tet-On-inducible lentiviral plasmid expressing 
wild-type RB or the RBS249ET252E mutant fused to GFP. We 
recapitulated the effect in E2F-mediated transcription in cells 
expressing the GFP-fused RB forms with the E2F reporter system 
(Figure S5D). We sorted GFP-positive cells that were injected into 
immunodeficient mice, which received doxycycline (DOX) once the 
tumor was formed (Figures 5E-5G). As a result, we confirmed in 
vivo that the expression of a phosphomimetic RB mutant leads to 
reduced tumor formation and inhibition of cancer cell proliferation.  
 
7. RB N-terminal phosphorylation increases its affinity 
toward E2F. 
 
At this point, we investigated whether p38 phosphorylation 
in the N-terminal region of RB could generate a conformational 
change that would promote its association with E2F, and as a 
result, an effect in RB activity. Unluckily, none of the published 
crystal structures of RB contained the loop region comprehending 
the p38 specific residues (e.g., Hassler et al., 2007 and Burke et 
al., 2010, 2012). We used different approaches to model this 
region, which predicted a similar structure to the C-terminus where 
RB binds to E2F1 and DP1 coactivator (Bonet et al., 2014) (Figure 
6A). We hypothesized that, upon p38 phosphorylation, RB would 
suffer a conformational change, disposing the N-terminal region to 
interact with E2F1 and DP1 in a similar manner than it does with 
the C-terminal loop of RB (Figure 6A). Moreover, the 
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phosphomimetic mutations in the N-terminal fragment were 
predicted to improve RB binding affinity compared to wild-type 
(Figure 6B) and conserved the structural basic features of the C- 
motif with a better similitude than the wild-type RB or the 
unphosphorylatable mutant (Figures S6A and S6B). 
 
Based on these modeling predictions, the p38-mediated 
phosphorylation of RB, or the introduction of phosphomimetic 
mutations in the N-terminal region of RB would favor the interaction 
to E2F (Figure 6B). GST-purified N-terminal RB was able to bind 
E2F (Figure S6C), and the affinity was higher when RB was 
phosphorylated in vitro by p38 (Figure 6C). Consistent with this, 
the interaction of E2F with the N-terminal RB, that contained the 
EE mutations, was stronger than that with the wild-type RB or the 
RBS249AT252A mutant (Figure 6D). Full-length purified GST-RB also 
co-precipitated more efficiently with E2F1 when it was 
phosphorylated by p38 (Figure 6E). Similar results were obtained 
when p38 was activated in vivo by stress. Remarkably, the 
interaction of RBS249ET252E with E2F under non-stressed conditions 
was similar to that of phosphorylated RB upon stress and was 
stronger than that of RBS249AT252A (Figure 6F). These results 
confirmed that the phosphorylated RB and the phosphomimetic 
mutant display a stronger affinity toward E2F. The combined data 
indicated that p38-mediated RB phosphorylation leads to an 
increase in affinity of the N-terminal toward E2F, creating an 
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Personal contribution to this work. 
 
I have been involved in the development of this project by 
designing and executing experiments related to:  
1. In vitro and in vivo phosphorylation of RB by p38.  
2. Evaluation of the dominance of p38-mediated phosphorylation 
of RB over those by CDKs. 
3. Assessment of cell proliferation in HEK293T cells and several 
cancer cell lines expressing the wild-type and the 
phosphomimetic RB mutant, performing Colony formation 
assays (CFA). 
4. Development and setup of molecular biology tools as cloning 
the RB mutants into adequate plasmids and lentiviral particle 
production, infection and maintenance of several cell lines 
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Part II: Role of RB phosphorylation by p38 MAPK 
in muscle cell differentiation. 
8. Role of Ser249/Thr252 RB phosphorylation in a
cellular model of differentiation.
Previous experiments in our laboratory (Gubern et al., 2016) 
showed that p38 is able to phosphorylate RB protein in vitro and in 
vivo. We identified the specific residues phosphorylated by p38 
(Ser 249 and Thr 252) by site-directed mutagenesis. Also, using an 
E2F-luciferase reporter system, we observed that p38 is able to 
modulate RB activity (addressed by the pharmacological inhibition 
of p38 and an RB unphosphorylatable mutant). Moreover, the 
phosphomimetic mutant of these specific phosphorylation sites 
downregulated the transcription of cell cycle related genes and 
inhibited cell proliferation in several cancer cell lines. Remarkably, 
RB phosphorylation by p38 was dominant over those by CDKs, 
which could be critical in processes where an irreversible cell cycle 
arrest is needed, as in the case of muscle differentiation (Gubern et 
al., 2016). 
Taking into account the role of RB in the transition from 
myoblast proliferation to differentiation, we hypothesized that p38, 
besides controlling the expression of muscle-specific genes 
(reviewed in Segalés et al, 2016b), and regulating MKP-1/JNK/c-
Jun axis in cell cycle withdrawal (Perdiguero et al., 2007a,b), could 
also regulate cell cycle exit via RB phosphorylation (Figure 8). To 
address this possibility, we used C2C12 mouse myoblasts, a cell 
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model extensively used to recapitulate muscle differentiation in 
vitro. When shifted to differentiation medium (DM, with low levels of 
serum), C2C12 myoblasts stopped proliferating and entered into a 
terminal differentiation program, with fusion into myotubes after 48h 




Figure 8: Hypothetic model of the role of RB phosphorylated by p38 
in muscle cell differentiation. Besides controlling myogenic gene 
expression, p38 could regulate the irreversible cell-cycle arrest at the 




In order to assess the biological relevance of p38-mediated 
RB phosphorylation during myogenic differentiation, we did a time-
course of C2C12 cell differentiation and analyzed several 
differentiation markers and the phosphorylation of RB at the p38-
specific sites with a phospho-specific antibody (Gubern et al., 
2016). As myoblasts differentiated, we observed the induced  




Figure 9: Role of Ser249/Thr252 RB phosphorylation in myogenic 
differentiation. A, C2C12 myoblasts cultured in growth medium were 
shifted to differentiatiation conditions for 72h. Bright field images showing 
myotube formation over 72h. B, RB and p38 phosphorylation in 
differentiating conditions (96h) were assessed with the indicated 
antibodies C, Transfection efficiency of C2C12 cells (24h post-
transfection). d, Time course of differentiation in myoblasts 




expression of myogenic differentiation markers such as embryonic 
myosin heavy chain (eMHC). We also monitored the progressive 
inactivation of RB, from a hyperphosphorylated slow-migrating form 
(inactive RB) to a hypophosphorylated fast-migrating RB (active 
form) over differentiation. Moreover, we observed the progressive 
activation of p38 with specific antibodies. Nevertheless, even 
though p38 was activated during this process, we could not detect 
significant levels of endogenous RB phosphorylation by p38 
(Figure 9B). 
As an experimental alternative, we transfected a plasmid 
with wild-type RB (HA-tagged wild-type RB), for its overexpression 
before shifting the myoblasts to differentiation conditions in DM. We 
achieved a transfection efficiency of about 70% (using a GFP 
plasmid as transfection reporter) (Figure 9C). In C2C12 cells 
transfected with HA-RB, we were able to detect p38-
phosphorylated RB at the onset of differentiation (DM0h), but it was 
lost over the process. HA-RB expression was also lost 
progressively over myogenesis, probably due to a transient effect 
of cell transfection (Figure 9D).  
9. RB mutants in the p38-phosphorylated specific sites
do not interfere with myoblast differentiation.
Next, we evaluated if expression of a wild-type RB or its 
phosphorylation mutants affected the differentiation of myoblasts. 
Accordingly, we transfected C2C12 cells with plasmids carrying an 
HA-tagged wild-type RB and mutant versions, the non-
phosphorylatable RBS249AT252A mutant and the phosphomimetic 
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RBS249ET252E mutant. Cells were shifted to DM for different time 
points, and we assessed mRNA expression of different myogenic 
markers such as Myogenin and Caveolin 3, relative to GAPDH 
(Figure 10A). We did not find significant differences in the 
expression of these markers between cells transfected with wild-
type RB or the mutants.  
 
We also checked the effect of wild-type RB or mutants on 
the myogenic differentiation markers Myogenin and MHC at the 
protein level (representative time course is shown in Figure 10B). 
We did not detect significant differences in the expression levels of 
these proteins in cells expressing wild-type or mutant RB, although 
there was high variability between experiments (likely due to small 
differences in cell confluence or in the efficiency of transfection). Of 
note, the expression of RB mutants was also reduced over 
differentiation, as previously observed in the case of the wild-type 
RB (Figure 9D).  
 
As an alternative approach, we infected C2C12 cells with 
lentiviral particles (non-inducible and inducible vectors) to generate 
C2C12 cells with stable (or inducible) expression of the wild-type 
RB and mutants. This system is suited to express transgenes in a 
stable and uniform way. Unfortunately, while the system was 
working properly in other cell lines, we did not succeed in stably 
expressing wild-type and mutant RB forms in C2C12 cells despite 
the high number of attempts, due to technical reasons. Hence, we 
were not able to reach any conclusion regarding the effect of RB 
phosphorylation by p38 in myoblast differentiation, and therefore 
additional tools or approaches are needed to further test our 
hypothesis. 





Figure 10: RB mutants in the p38-phosphorylated specific sites do 
not interfere with myoblast differentiation. A, Time course of myogenic 
differentiation in C2C12 cells transfected with plasmids carrying HA-
tagged versions of wild-type RB (RBwt), the non-phosphorylatable 
RBS249AT252A mutant (RBAA) or the phosphomimetic RBS249ET252E mutant 
(RBEE). mRNA levels of the differentiation markers Myogenin and 
Caveolin 3 were quantified and represented (2 biological replicates). B, 
Protein expression analysis of differentiation was assessed after 24 and 
48h in differentiation conditions. C, Quantification of Myogenin and MHC 
(relative to tubulin) for 4 independent experiments is represented. In A, 
and C, means are represented with their SEM. Statistical analysis showed 
non-significant differences. 
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10. The expression of a phosphomimetic RB mutant is 
not sufficient to recover the differentiation defect in 
human rhabdomyosarcoma cells. 
 
We also wanted to explore the relevance of the p38-RB 
pathways in the context of a muscle-related cancer model. We 
described previously that the expression of a phosphomimetic RB 
mutant was sufficient to inhibit the proliferation of cancer cells 
(Gubern et al., 2016). We analyzed the role of this phosphorylation 
in a model of rhabdomyosarcoma (RMS), one of the most common 
tumors of childhood, in which muscle precursor cells fail to 
complete the differentiation program, despite the expression of the 
muscle regulatory proteins MyoD and Myogenin (Dias et al. 1992; 
Tapscott et al. 1993). 
  
Puri and collaborators described that RMS cell lines 
express p38 MAPK but its activity was not induced under 
differentiation conditions (scheme in Figure 11). After the stable 
expression of a constitutively active form of MKK6 (MKK6EE), RMS 
cells stopped proliferating, and upon transfer into DM, they formed 
multinucleated myotubes. These studies further showed that 
activation of p38 MAPK by MKK6EE could restore MyoD activity and 
override the differentiation block in RMS cells (Puri et al., 2000). In 
this context, we hypothesized that the phosphorylation of RB by 
p38 could be important to stop RMS cell proliferation and induce 
differentiation. To test this, we started to work with a well-known 
human alveolar rhabdomyosarcoma cell line (Rh30 cells) that has 
been extensively used in the study of this type of cancer, including 
the mentioned work (Puri et al., 2000). 





Figure 11: Role of p38α in terminal differentiation of human 
rhabdomyosarcoma cells. p38 MAPK is expressed in RMS cells; 
however, these cells cannot induce its activity in differentiating conditions, 
and are not able to achieve terminal differentiation, thus promoting tumor 
formation. The activation of p38 MAPK by MKK6EE restores MyoD activity 
and RMS cells override the differentiation block, and are able to form 
myotubes. 
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We infected Rh30 cells with the lentiviral particles of the 
wild-type and the phosphomimetic RB mutant (with a doxycycline 
inducible promoter) in order to generate cell lines stably expressing 
our proteins of interest. These lentiviral constructs allowed 
selection of the infected population with puromycin resistance. Of 
note, it is known that viral transduction place both in dividing and 
non- diving cells. 
 
Figure 12: The expression of a phosphomimetic RB mutant form is 
not sufficient to recover the differentiation defect of human 
rhabdomyosarcoma cells. A, Transduction efficiency in Rh30 cells 
infected with an inducible lentivirus carrying a GFP-fused RBS249ET252E 
mutant, 24 hours after doxycycline administration. B, Cells transduced 
with wild-type (GFP-RBwt) or phosphomimetic RB (GFP-RBEE) were 
challenged to differentiate for 92h. Cells expressing a myc-MKK6DD and 
an empty vector were used as controls. Doxycycline (1 mg/ml) was 
refreshed every 24 hours. 
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Transduction efficiency was evaluated in puromycin-
resistant Rh30 cells infected with an inducible lentiviral plasmid 
carrying a GFP-fused wild-type or the phosphomimetic RBS249ET252E 
mutant, 24h after doxycycline administration (Figure 12A). In 
contrast with C2C12 cells, the vast majority of Rh30 cells were able 
to express both RB forms, as shown by GFP expression. Cells 
transduced with wild-type or phosphomimetic RB were challenged 
to differentiate under the same conditions as those previously used 
for C2C12 cells. Cells transduced with a Myc-MKK6DD or with an 
empty vector were used as controls. Of note, the decay in RB 
expression previously observed in transfected C2C12 cells 
(Figures 9D and 10B) was avoided by doxycycline administration 
(1 mg/ml) every 24 hours. Remarkably, MKK6DD expressing cells 
clearly restored its potential to differentiate, showing eMHC 
expression after 96 hours (Figure 12B). That was not the case in 
cells expressing the phosphomimetic RB mutant (GFP-RBEE). We 
concluded that the restoration in differentiation of RMS cells by 
activation of the p38 signaling pathway do not occur through the 
phosphorylation of RB in p38 specific residues, or this is not 
sufficient to rescue its differentiation defect. 
 
Personal contribution to this work. 
 
I have been fully involved in the design, execution and discussion 
of the experiments and results described in this part. In these 
studies we assessed the biological relevance of RB 
phosphorylation by p38 in physiological processes different from 
stress adaptation, such as skeletal myogenesis, as well as its 
contribution to the terminal differentiation of human 
rhabdomyosarcoma cells. 
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Part III: Role of p38α in muscle stem cell aging. 
 
The physiological function for p38 MAPK signaling in vivo 
has been determined by the use of specific chemical inhibitors and 
by the generation of genetically modified mice. p38α knockout mice 
die during embryonic development (Adams et al., 2000; Mudget et 
al., 2000; Tamura et al., 2000). For this reason, the generation of 
tissue-specific conditional knockout mice is necessary to study the 
role of p38α pathway in a tissue-specific manner in the adult.  
 
Pell and collaborators showed a role for p38α in skeletal 
muscle growth and regeneration in mice with conditional deletion of 
p38α in satellite cells (p38αΔPax7) (Brien et al., 2013). In these mice, 
p38α ablation is driven by Cre-recombinase expression under the 
control of the Pax7 promoter, thus affecting exclusively the Pax7 
lineage (satellite cells). This study confirmed previous in vitro 
findings showing a key role for p38α in the switch of myoblast 
proliferation to differentiation (Perdiguero et al., 2007a), as they 
demonstrated that p38α restricts excessive myoblast proliferation 
during the muscle postnatal hyperproliferative phase and promotes 
myoblasts towards a differentiated state (Figure 13) (Brien et al., 
2013). Accordingly, the loss of p38α caused a postnatal growth 
defect together with an augmented number of satellite cells, as a 
consequence of an increased myoblast proliferation in vivo. Muscle 
regeneration in young mice after a cardiotoxin-induced injury was 
delayed in the absence of p38α, with further increase of the 
satellite cell population (Brien et al., 2013). Moreover, myoblasts 
lacking p38α had increased expression of proliferation-enhancing 
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genes, mostly related with cell cycle and DNA replication (Brien et 
al., 2013). Since p38α also controls human satellite cell (huSCs) 
regenerative potential (Charville et al., 2015), p38α MAPK emerges 
as a key regulator of the transition from proliferation to 
differentiation of satellite cells both in mice and humans. 
 
Figure 13: Young mice with conditional deletion of p38α in satellite 
cells show alterations in skeletal muscle growth. p38αΔPax7 mice 
showed a postnatal defect in skeletal muscle growth, with reduced 
myofiber size and unchanged total fiber number. These mice also 
exhibited a defective regeneration by extended satellite cell proliferation 
and an impaired differentiation. Brien et al., 2013. 
 
 
11. p38α deletion has a different impact in the 
regenerative capacity of satellite cells during aging. 
 
Aging is characterized by a loss of muscle mass and 
function (sarcopenia), especially at geriatric age (28 months-old 
mice or older). Sarcopenia is accompanied by a dramatic drop in 
the regenerative potential of aged skeletal muscle (Sousa-Victor et 
al., 2014a). Although the muscle regenerative decline in old mice 
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can be partially reversed by a youthful environment (Conboy et al., 
2005), this decline is known to occur at the expense of intrinsic 
changes in the satellite cell population (Brien et al., 2013; Cosgrove 
et al., 2014; Sousa-Victor et al., 2014a). Importantly, old satellite 
cells have a cell-autonomous increase in the activity of the p38 
MAPK pathway (Cosgrove et al., 2014; Bernet et al., 2014), and 
the use of pharmacological inhibitors together with cell culture in 
soft hydrogel (mimicking the properties of young muscle) had 
beneficial effects in old satellite cell engraftment and muscle 
regeneration (Cosgrove et al., 2014). Based on these findings 
using pharmacological strategies, we were interested in exploring 
the impact of the genetic loss of p38α in satellite cells on muscle 
regeneration during aging.  
 
We generated p38αΔPax7 mice (after intercrossing p38αf/f 
mice with Pax7-CRE mice) and brought them to old age, and 
analyzed comparatively the changes in the satellite cell population 
in p38αΔPax7 mice and their age-matched wild-type littermates with 
aging. In agreement with previous data (Zammit et al., 2002; 
Hawke and Garry, 2001; Shefer et al., 2006, 2010; Sousa-Victor et 
al., 2014a), we observed a decline in the number of Pax7+ cells 
(per mg of tissue) during aging (Figure 14A). Differently of the 
phenotype observed in postnatal juvenile mice (Brien et al., 2013), 
p38α-deficiency did not induce a significant difference in the 
number of satellite cells in young/adult and aged p38αΔPax7 mice 
compared to age-matched wild-type mice.  
 




Figure 14: p38α ablation impacts differently on the regenerative 
capacity of young and aged satellite cells. A, Satellite cell numbers 
(per mg of tissue) in young (2-3 months) and aged (18-24 months) p38α-
deficient mice and their wild-type littermates. B, Representative pictures of 
newly formed fibers (eMHC staining) in wild-type and p38α-deficient mice 
after cardiotoxin (CTX) injection (7 days). C, Distribution of the 
regenerated fibers in CTX-injured mice. Box and whiskers (median) and 
scatter dot blot (mean) are represented. Two-tailed parametric unpaired t-
test analysis of the means (Young p38αWT, 1454µm2; Young p38αΔPax7, 
895µm2; Aged p38αWT, 767,8µm2; Aged p38αΔPax7, 574,3µm2; ****, 
p<0,0001). 
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To check if the regenerative potential of p38α-deficient 
satellite cells was affected, we performed muscle injury by 
intramuscular injection of cardiotoxin (CTX), a well-known model of 
injury-induced muscle regeneration (Perdiguero et al., 2007a; Ruiz-
Bonilla et al., 2008; Sousa-Victor et al., 2014a; García-Prat et al., 
2016), in p38αΔPax7 mice at different ages and in age-matched wild-
type controls. We determined the formation and size of new 
myofibers after CTX injection, by measuring the cross-sectional 
area (CSA) of the regenerating fibers stained with embryonic 
myosin heavy chain (eMHC) (representative images in Figure 
14B). We observed that, in the absence of p38α, young mice had a 
markedly reduced capacity of regeneration, as shown by the 40% 
decrease in mean regenerating fiber size compared to wild-type 
mice, similar to previous studies by the Pell lab (Brien et al., 2013) 
(Figure 14C). In contrast, in aged mice, the drop in regenerative 
capacity was attenuated in p38αΔPax7 mice compared to wild-type 
mice, and loss of p38α only caused a 25% decrease in 
regenerating fiber size, indicating that the loss of p38α was less 
detrimental for the regenerative potential of aged satellite cells 
compared to young counterparts (Figure 14C). These age-
dependent differences could be explained by intrinsic changes in 
the satellite cell population, in their microenvironment and/or by 
additional functions of p38α (other than myogenic ones) associated 
to aging. Thus, p38α deletion has a different impact in the 
regenerative potential of satellite cells during aging. 
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12. Loss of p38α in young and aged satellite cells results 
in increased proliferation. 
 
To evaluate the potential altered functions of satellite cells 
upon p38α ablation and the influence of age, we isolated satellite 
cells from wild-type and p38αΔPax7 young and aged mice by FACS 
sorting (α7-integrin+/CD34+ cells). We assessed satellite cell 
proliferation capacity by BrdU incorporation in vitro, and BrdU-
labelled cells were detected by immunostaining using a specific 
antibody (representative images shown in Figure 15). As expected, 
young satellite cells from p38αΔPax7 mice showed an increase in 
proliferation with respect to wild-type cells (Figure 15). We 
observed that that the decline in proliferation in aged satellite cells 
(BrdU+ cells) was reversed by the lack of p38α, reaching values of 
young wild-type cells. This indicates that aged satellite cells 
deficient for p38α maintain high proliferative potential over time. 
 
13. Lack of p38α during aging results in reduced 
senescence.  
 
One of the most prevalent pathologies associated to aging 
are sarcopenia and reduced muscle regenerative capacity. Recent 
studies have associated satellite cell senescence as an underlying 
cause of age-associated loss of regenerative potential. Aged 
satellite cells displayed positive senescence-associated β-
galactosidase activity (SA-β-gal) staining, a classical senescence 
marker, and accumulated senescence-associated proteins like 
p16INK4a (Sousa-Victor et al., 2014a; Cosgrove et al., 2014; Du et  
 




Figure 15: p38α deletion in aging satellite cells results in increased 
proliferation. Proliferation analysis of satellite cells isolated from 
p38αΔPax7 and wild-type mice from different ages and cultured in growth 
medum in vitro. Proliferation was assessed after 1h of BrdU incorporation 
by positive stained cells (BrdU+ cells) relative to total cells (%). Upper 
panel, representative images from proliferating satellite cells stained for 
BrdU. Lower panel, mean proliferation rates of satellite cells from mice of 
different ages represented with their SEM Two-tailed parametric unpaired 
t-test analysis of the means (*, Young p38αWT vs. Aged p38αWT p=0,0334; 
Aged p38αWT vs. Aged p38αΔPax7 p=0,0256). 
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al., 2014) and Igfbp5, together with an increased γH2AX DNA 
damage/repair signal (Sousa-Victor et al., 2014a). 
 
To analyze the potential impact of p38α on senescence of 
aged satellite cells, we assessed SA-β-gal activity in satellite cells 
isolated from wild-type and p38αΔPax7 mice of different ages. Cells 
were cultured in GM (proliferating medium) for 4 days and the 
relative percentage of positive cells (SA-β-gal+ cells) was evaluated 
(representative images are shown in Figure 16). We observed that, 
under proliferative conditions, around 20% of the aged satellite 
cells underwent a fast entry into senescence (geroconversion) 
when compared with young satellite cells, similarly to previous 
results (Sousa-Victor et al., 2014a). Importantly, aged cells isolated 
from p38αΔPax7 mice did not enter into senescence, as shown by the 
negligible numbers of SA-β-gal+ cells, showing therefore a similar 
behavior as satellite cells from young wild-type mice (Figure 16). 
Thus, p38α deficiency is beneficial for aged cells, by preventing 
geroconversion under proliferative conditions. 
 
14. p38α loss reverses the epigenetic derepression of the 
p16INK4a locus during aging. 
 
The genetic inactivation of p16INK4a (Sousa-Victor et al., 
2014a) or chemical inhibition of p38α/β (Cosgrove et al.,2014; 
Bernet et al., 2014) had a similar output in the performance of aged 
satellite cells, since both treatments were sufficient to revert the 
regenerative impairment associated with aging. This suggested a 
potential link between p38α and p16INK4a expression in satellite 
cells. 




Figure 16: Lack of p38α results in reduced senescence entry of aged 
satellite cells. Senescence in wild-type and p38α-deficient satellite cells 
from different ages was assessed by senescence-associated 
β-galactosidase activity (SA-β-gal) staining of cells cultured for 4 days in 
growth medium (GM). Upper panel, representative images of positively 
stained aged satellite cells (SA-β-gal+ cells). Lower panel, mean of the 
relative percentages of positively stained cells (SA-β-gal+ cells) from wild-
type and p38αΔPax7 mice at different ages are represented with their SEM. 
Two-tailed parametric unpaired t-test analysis of the means (Young 




We analyzed p16INK4a expression in satellite cells isolated 
from wild-type and p38αΔPax7 mice. Both protein (Figure 17A) and 
mRNA expression (Figure 17B) were evaluated in proliferating 
cells, and we observed that, while p16INK4a expression increased in 
aged satellite cells correlating with senescence status, it was 
abrogated in aged p38α-deficient cells both at protein and mRNA 
levels (Figures 17A and 17B). Thus, aged p38α knockout cells 
prevented p16INK4a upregulation and this could explain, at least in 
part, how these cells were able to bypass entry into senescence 
under high proliferative conditions. 
We wanted to further elucidate the regulation of the INK4a 
locus at a mechanistic level in aging satellite cells. The epigenetic 
repression of the INK4/ARF locus, which codes for p16INK4a and 
other CDK inhibitors such as p15INK4b and p19ARF, was described to 
be lost in aged satellite cells, leading to p16INK4a upregulation 
(Sousa-Victor et al., 2014a). The increased expression of p16INK4a 
had been previously implicated in promoting the irreversible cell 
cycle arrest that precedes senescence (Dai and Enders, 2000; 
Beausejour et al., 2003; Takahashi et al., 2006; Collado and 
Serrano, 2006). This regulation is mediated by chromatin 
associated protein complexes, and mainly by Polycomb repressive 
complex 1 and 2 (PRC1 and PRC2), which are implicated in 
cellular senescence (Agherbi et al., 2009; Lanigan et al., 2011). 
Interestingly, p38α has been shown to phosphorylate Ezh2 (the 
catalytic subunit of PRC2) in the regulation of the Pax7 locus in 
muscle regeneration (Palacios et al., 2010). 




Figure 17: p38α loss alters the epigenetic regulation of the INK4a 
locus during aging. A, p16INK4a protein and B, mRNA (relative to 
GAPDH) expression in proliferating satellite cells in vitro. p16INK4a mRNA 
levels relative to young p38αWT satellite cells. One-tailed parametric 
unpaired t-test analysis of the means (*, Young p38αWT vs. Aged p38αWT 
p=0,0289; Aged p38αWT vs. Aged p38αΔPax7 p=0,0296). C, ChIP analysis 
for H2AK119ub (H2Aub) repressive mark at different key sites of the 
INK4a locus in sorted satellite cells from resting muscle. 
 
 
In previous reports from our laboratory, we observed that 
the association of the H2A monoubiquitination at lysine 119 
(H2AK119Ub) repressive mark catalyzed by PRC1 to key regions of 
the INK4a locus, the INK4a regulatory domain (RD) and exons 1a 
and 2 (Agherbi et al., 2009), was reduced in aged satellite cells 
(Sousa-Victor et al., 2014). Preliminary results using ChIP analysis 
of satellite cells from p38αWT and p38αΔPax7 mice demonstrated that 
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the H2AK119Ub repressive mark was still present in aged cells 
lacking p38α (Figure 17C), which would explain the observed 
effect at the level of p16INK4a gene expression. These findings 
support the notion that the lack of p38α in aged satellite cells 
confers them resistant to geroconvertion by preventing epigenetic 
derepression at the INK4a locus.  
 
15. The inhibition of p38 activity results in a regenerative 
advantage of aged satellite cells in vivo. 
 
Our initial results show that lack of p38α in satellite cells had 
milder regenerative consequences in aged than in young mice after 
muscle injury, correlating with reduced senescence in aged satellite 
cells. We hypothesized that specific interventions inhibiting p38 
activity in vivo, could rescue the impaired regeneration observed in 
aged mice. 
 
To address this hypothesis, we used a whole muscle graft 
approach, consisting on isolating digitorum longus (EDL) muscles 
from aged mice and grafting them onto the tibialis anterior (TA) 
muscle of a recipient host, thus preserving a young host 
environment and allowing to test the intrinsic defects of aged 
satellite cells, with or without p38 inhibition. In this model, 
myofibers of the grafted EDL muscle degenerate and formation of 
new regenerating myofibers relies on the EDL resident satellite 
cells. We infected the whole EDL muscle from aged donors with 
recombinant adeno-associated virus (AAV) particles carrying a 
dominant negative p38 mutant (AAV-GFP-p38AF) (Diskin et al., 
2007; Tzarum et al., 2007), and then grafted it onto TA muscles of  




Figure 18: The regenerative potential of aged satellite cells increases 
upon inhibition of p38 activation. A, EDL muscle from aged donors was 
infected with an adeno-associated virus (AAV) containing a dominant 
negative p38 (p38AF, activation sites mutated) and its counterpart with a 
AAV-GFP alone. Then, the donor EDL was grafted on top of the TA 
muscle of a young recipient host, and the regeneration was assessed 
after 7 days. B, Formation of GFP+ fibers  to assess satellite cell infection 
RESULTS   
178 
 
by AAV particles. C, Generation of new regenerating fibers after 7 days of 
muscle grafting following p38 activity inhibition, was evaluated by eMHC 
staining. D, Regenerative fiber distribution by size is shown. Box and 
whiskers (median) and scatter dot blot (mean) are represented. Two-tailed 
parametric unpaired t-test analysis of the means (Mean AAV-GFP 
153,03µm2; AAV-GFP-p38AF 194,10µm2; ****, p<0,0001). B, and C, 
Scale bar 50 µm. 
 
 
young mice. This vector also encodes an IRES GFP, allowing the 
labeling of new fibers derived from infected satellite cells. Whole 
muscle grafts infected with AAV-GFP where used as controls (see 
scheme in Figure 18A). Effectiveness of the infection was 
assessed by immunostaining with an antibody against GFP (GFP+ 
fibers) (Figure 18B).   
 
We evaluated the regenerative potential of aged satellite 
cells upon p38 inhibition, measured as CSA of the new generated 
fibers stained for eMHC (representative images shown in Figure 
18C). The regenerative potential significantly increased in muscles 
infected with AAV-GFP-p38AF particles, where we found a 
significant increase in regenerative fiber size (21%) after 7 days of 
grafting (Figure 18D). Thus, we confirmed that excessive p38 
activity is deletereous in the context of muscle regeneration during 
aging, where constitutive p38 signaling in satellite cells would lead 
to impaired regeneration by preventing cell proliferation in 
combination with rapid entry into senescence. In this context, the 
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Personal contribution to this work. 
 
I have been fully involved in the design, execution and discussion 
of the experiments and results described in this part. For the 
analysis of muscle regeneration in young and aged mice, I used 
genetically modified mice and some muscle biopsies that were 
























Part I: The N-Terminal Phosphorylation of RB by 
p38 Bypasses Its Inactivation by CDKs and 
Prevents Proliferation in Cancer Cells. 
 
Albert Gubern, Manel Joaquin,  Miriam Marquès, Pedro Maseres, 
Javier Garcia-Garcia, Ramon Amat, Daniel González-Nuñez, Baldo 
Oliva, Francisco X. Real, Eulàlia de Nadal and Francesc Posas. 
 
Mol Cell. 2016 Journal 64(1):25-36. 
 
 
Many studies in the past decades have brought into focus 
the essential role of RB regulation in G1/S transition and cell 
proliferation. One of the most common genetic events leading to 
cancer is the inactivation of the RB pathway, generally through a 
series of mechanisms that converge in a deregulation in the 
upstream control by CDK phosphorylation. Here, we describe a 
novel and essential mechanism, where the N-terminal region of RB 
is phosphorylated in two specific residues upon stress situations, 
leading to cell cycle arrest. Remarkably, this phosphorylation 
renders RB insensitive to CDK regulation, converting it into a 
strong suppressor of cell proliferation. 
 
A delay in cell cycle progression is required for cell 
adaptation upon diverse environmental stresses, in order to 
orchestrate proper responses and maximize cell survival (Duch et 
al., 2012). Several studies in the yeast p38-ortholog Hog1 have 
demonstrated its relevance in the progression from G1 to S phase, 
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regulating cell cycle arrest by the combined action over the CDK 
inhibitor Sic1 and cyclin expression (Escoté et al., 2004; Adrover et 
al., 2011; González-Novo et al., 2015). Furthermore, this regulation 
has also been demonstrated in mammalian cells, where p38 
activation lead to a delay in cell cycle progression by directly 
targeting the CDK inhibitors (CKIs) p57KIP2, p21CIP1 and p27KIP1 
(Cuadrado and Nebreda, 2010; Joaquin et al., 2012b; Cuadrado et 
al., 2009; Lafarga et al., 2009; Bulavin and Fornace, 2004). In this 
work, we reported a new mechanism involved in cell cycle 
regulation through a direct effect on RB transcriptional repressor, 
leading to a downregulation in E2F-mediated transcription. 
Remarkably, the mechanisms regulating the G1/S-phase transition 
are highly conserved across eukaryotes, and its inactivation 
through mutations (as in the case of p57KIP2 and RB) leads to a 
strong reduction in cell survival upon stress.  
 
The regulation of RB has been classically associated to its 
inactivation following CDK phosphorylation, which results in RB 
dissociation from E2F, leading to transcription activation of genes 
involved in cell cycle progression (DeCaprio et al., 1992; Lees et 
al., 1991). The inactivating phosphorylations by CDKs generally 
occur at the pocket and C-terminal domains of RB, although the N-
terminal phosphorylation on T373 has also been described to be 
relevant for its inactivation (Dick and Rubin, 2013; Rubin, 2013). In 
this study we show that, in stress conditions, p38α phosphorylates 
RB at Ser249 and Thr252 residues in the N terminus, both in vivo 
and in vitro. These specific sites have been reported to be 
phosphorylated in vitro by p34 (CDK1), known to participate in the 
regulation of G2 and M phase checkpoints (Lees et al., 1991). In 
another work, RB inactivation by JNK and p38 MAPKs was 
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proposed to occur upon Fas stimulation (Wang et al., 1999); 
nevertheless, the direct targeting of RB and the underlying 
mechanism by these kinases was never proved. 
 
Differently to the inactivating phosphorylation by CDKs, we 
demonstrated that the p38 phosphorylation at Ser249 and Thr252 
sites had a direct effect inducing RB activity, by increasing the 
affinity of the N-terminal region towards E2F, promoting a stronger 
RB association to the E2F-responsive promoters, and repressing 
E2F-mediated gene expression. The region surrounding these 
phosphorylation sites at the N terminus have not been included in 
the known crystal structures of RB. Nevertheless, molecular 
modeling predictions suggested that this region displays a similar 
structure to that of the E2F-interacting RB C-terminal region, 
generating a potential additional surface in RB for E2F interaction. 
Moreover, its affinity toward E2F was predicted to increase notably 
only when phosphorylated at these sites. Our data confirmed these 
predictions, since we observed an increased affinity of the p38-
phosphorylated RB N-terminal region (or its phosphomimetic 
mutant) toward E2F. Considering that this interaction surface 
between E2F and RB is different than that of the C-terminal RB 
targeted by CDKs, this opened the possibility that, once E2F and 
RB had interacted through the N-terminal surface, it might become 
insensitive to the effects of CDK phosphorylation. This mechanism 
could provide a new framework for RB N-terminal phosphorylation 
to bypass its inactivation in backgrounds of high CDK activity, as in 
the case of many cancers.  
 
In this work we show that the p38-mediated phosphorylation 
of RB leads to transcriptional repression of E2F target genes, even 
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in the presence of CDK-mediated RB phosphorylations that are 
known to promote its dissociation from E2F. Accordingly, an 
RBS249T252E mutant mimicking the phosphorylation by p38 repressed 
gene expression and associated with E2F promoters, even in the 
presence of high CDK activity, a typical condition under which wild-
type RB is unable to repress transcription. Consistent with these 
findings, we demonstrated that the expression of the RBS249T252E 
mutant, differently from wild-type RB, restricted cellular growth in 
colony-forming assays and in mouse xenograft models.  
 
CDK hyperactivation is one of the most common 
mechanisms leading to the loss of function of RB in cancers, 
mediated by a variety of mechanisms including amplification of 
genes coding for cyclins, CDK mutation, and loss or mutation of 
CKIs such as p16INK4a and p21CIP1 (Sage and Cleary, 2012). A lot of 
effort has been made trying to reconstitute cell cycle control 
through inhibition of CDK activity, which has emerged as a 
promising alternative in the development of targeted cancer 
therapy. In the past few years, several oral drugs that selectively 
target CDK4/6 have been tested such as palbociclib, abemaciclib, 
and LEE011. Preclinical studies demonstrated optimal activity in 
hormone receptor positive breast cancers that display, in some 
cases, biologic features that suggest a particular dependence on 
the CDK4/cyclinD1/RB interaction (reviewed in Asghar et al., 
2015). 
 
A possible therapeutic strategy would involve the activation 
of the p38 signaling pathway, favoring the N-terminal 
phosphorylation of RB, which may lead to potential beneficial 
effects inhibiting cancer cell proliferation through a CDK 
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independent mechanism. The difficulty to implement this 
knowledge into therapeutics would be that direct targeting on p38 
signaling could be detrimental, given that the activation of this 
pathway is also implicated in many more functions besides cell 
proliferation, as inflammation, migration and metastasis (Wagner 
and Nebreda, 2009). For this reason, the advantage that would 
entail the deregulation of the p38 pathway for this purpose would 
be obscured by its potential negative effects. Theoretically, a 
strategy targeting with small molecules the N-terminal region to 
mimic the phosphorylation of RB, rendering RB insensitive to CDK 
phosphorylation, would be a very precious therapeutic tool, 
especially in cancers with a background of high CDK activity. For 
this reason, a drug that could stimulate RB activity, as the 
phosphorylation does, and bypass the regulation by CDKs, 
effectively inhibiting proliferation, would be a promising tool for 




Part II: Role of RB phosphorylation by p38 MAPK 
in muscle cell differentiation. 
The p38 MAPK signaling pathway has been shown to 
control all myogenic stages, acting as a regulator of the activation 
of satellite cells from quiescence into activation, and of 
proliferation-to-differentiation transition in myoblasts, by controlling 
the induction of cell cycle withdrawal and the modulation of the 
muscle-specific gene expression program (Cuenda and Cohen, 
1999; Zetser et al., 1999; Wu et al., 2000; Li et al., 2000a, Keren et 
al., 2006; Lluis et al., 2005; Suelves et al., 2004; Serra et al., 2007; 
Perdiguero et al., 2007a,b; Ruiz-Bonilla et al., 2008; Simone et al., 
2004; Forcales et al., 2012; Rampalli et al., 2007; Cuadrado et al., 
2010; Segales et al., 2016a; Jones et al., 2005; Palacios et al., 
2010; Troy et al., 2012; Brien et al., 2013; Bernet et al., 2014; 
Hausburg et al., 2015; Charville et al., 2015).  
RB is also a regulator of skeletal muscle differentiation 
during embryogenesis and in adult tissues (Zacksenhaus et al., 
1996; Takahashi et al., 2003; Ferreira et al., 1998; Vandel et al., 
2001; Nicolas et al., 2003; Blais et al., 2007; Sacco et al., 2003; 
Camarda et al., 2004; Huh et al., 2004; Pajcini et al., 2010). In 
addition to its inhibitory role on cell proliferation, RB has also been 
shown to regulate the muscle-specific differentiation gene 
expression (Gu et al., 1993; Schneider et al., 1994; Novitch et al., 
1999; Lasorella et al., 2000; MacLellan et al., 2000; Puri et al., 
2001; Benevolenskaya et al., 2005). Moreover, the loss of RB has 
also an impact on satellite cell homeostasis, by impairing cell 
activation and proliferation in vivo (Hosoyama et al., 2011). 
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Based on these reports, it was tempting to hypothesize that 
the novel mechanism of cell cycle regulation by p38 via RB 
phosphorylation (Gubern et al., 2016) could be also involved in the 
irreversible cell cycle arrest preceding myogenic differentiation. 
Importantly, in stress conditions, this novel mechanism is dominant 
over CDK control, and functions as a potent repressor of 
proliferation in several cell lines. We tested this hypothesis in the 
C2C12 mouse myoblast cell line. In this model, we could not detect 
the endogenous RB phosphorylation by p38 with the phospho-
specific antibody (Gubern et al., 2016), being this phosphorylation 
only detectable when we overexpressed a wild-type RB at the 
onset of differentiation. As an alternative, we overexpressed the 
phosphorylation mutants in myoblasts to determine the effect 
during differentiation. Myoblasts expressing these mutants did not 
display significant differences in myogenic differentiation, as 
revealed by the similar expression of myogenic markers. Given 
these results, we could not reach conclusion regarding the effect of 
a p38-phosphorylated RB in myoblast differentiation. Other 
approaches are therefore needed to throw light in this hypothetical 
issue.  
We next explored the potential role of this phosphorylation 
in a muscle-related cancer model (rhabdomyosarcoma (RMS)). 
RMS cells cannot modulate p38 MAPK activity under differentiation 
conditions; nevertheless, the forced p38 MAPK activation by a 
constitutively active MKK6 (MKK6EE) restores MyoD activity and 
overrides the differentiation block in these cells (Puri et al., 2000). 
Thus, we hypothesized that the phosphorylation of RB by p38 
could be important to stop proliferating and start differentiating in 
this model. We observed that, while forced p38 activation through 
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MKK6DD restored terminal differentiation in Rh30 cells, a well-
known cell line of alveolar RMS, as previously described (Puri et 
al., 2000), the expression of a phosphomimetic (RBS249ET252E) 
mutant was not sufficient to rescue its differentiation defect. These 
results suggest that other p38 targets different from RB could be 
involved in the regulation of this process.  
 
Altogether, we have not observed a significant impact of the 
p38-phosphorylated RB (or the phosphomimetic mutant) in 
physiological muscle differentiation or in pathological conditions. 
This could be explained based on several studies suggesting that 
the effect of RB in skeletal muscle differentiation would be indirect. 
For example, studies from the Zacksenhaus lab reported that RB is 
not required to activate the muscle differentiation program in vitro, 
and its effects are more related to the inhibition of apoptosis and 
autophagy in myoblasts and myotubes, respectively (Ciavarra and 
Zacksenhaus, 2010). In fact, under conditions rescuing the 
autophagy defects, robust myogenic differentiation was observed in 
myoblast lacking RB and one of its relatives, p107 or p130, 
implying that RB loss can be partially compensated by other pocket 
proteins. However, mutations in all RB family severely abrogated 
myogenic differentiation, indicating that myoblast fusion and 
myotube survival require at least one RB family member (Ciavarra 
et al., 2011). Moreover, despite the abundance of 
hypophosphorylated RB, p130-E2F repressor complexes are 
predominant in myotubes (Corbeil et al., 1995; Puri et al., 1997), 
questioning the importance and requirement of RB in the activation 
and the maintenance of the myogenic program. On the other hand, 
the selective and sustained p38 MAPK activation that is required 
for muscle differentiation (Puri et al., 2000; Perdiguero et al, 2007a) 
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is distinct from the acute activation following the stress-activated 
response (Joaquin et al, 2012; Ferreiro et al., 2010b; Gubern et al., 
2016), which may explain differences involving the dynamics in RB 
phosphorylation and its requirement for cell cycle withdrawal at the 
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Part III: Role of p38α in muscle stem cell aging. 
 
Skeletal muscle aging is associated with a progressive 
decline in satellite cell number and function resulting in defective 
tissue regeneration (Brack et al., 2005; Chakkalakal et al., 2012; 
Sousa-Victor et al., 2014a; Verdijk et al., 2012, 2014; Zwetsloot et 
al., 2013; Conboy et al., 2003, 2005; Garcia-Prat et al., 2016; 
Collins et al., 2007; Cosgrove et al., 2014). During aging, satellite 
cell function has been proposed to be influenced by several 
extrinsic factors, often increased in aged skeletal myofibers (the 
cellular niche of satellite cells) and/or systemically in the circulation, 
but also involves cell-intrinsic (cell-autonomous) mechanisms that 
are likely consequences of irreversible damage to old cells 
(reviewed in Sousa-Victor et al., 2015). Indeed, many of the 
defined primary hallmarks of aging (Lopez-Otin 2013), as well as 
deregulation of key transcriptional circuits necessary for stem cell 
identity and activity, have been found to be deregulated in aged 
satellite cells (Cornelison and Perdiguero, 2017). 
 
In vivo, p38α signaling has been shown to restrict excessive 
myoblast proliferation and allow cell cycle exit and entrance into 
myogenic differentiation during the muscle growth phase in 
postnatal mice and during muscle regeneration after injury in 
young/adult mice (Brien et al., 2013). This p38α-mediated 
proliferative restriction is exerted, at least in part, through the 
control of the expression of proliferation-enhancing genes, mostly 
related with cell cycle and DNA replication (Brien et al., 2013). 
Remarkably, aged satellite cells have a cell-autonomous increase 
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in the activity of the p38 MAPK pathway (Cosgrove et al., 2014; 
Bernet et al., 2014), and the use of pharmacological inhibitors for 
p38α/β together with culture in soft hydrogel (mimicking the 
stiffness properties of young muscles) had beneficial effects in 
aged satellite cell engraftment and formation of new regenerating 
myofibers (Cosgrove et al., 2014). Here, we explored the impact of 
the genetic loss of p38α, the central p38 isoform in myogenesis 
(Perdiguero et al., 2007a; Ruiz-Bonilla et al., 2008), in satellite cells 
during aging by using p38αΔPax7 mice. 
 
We first observed that aged mice suffered a decrease in 
satellite cell number, as previously reported (Zammit et al., 2002; 
Hawke and Garry, 2001; Shefer et al., 2006; Shefer et al., 2010; 
Sousa-Victor et al., 2014). Nevertheless, p38α-deficiency did not 
induce a significant difference in the number of quiescent satellite 
cells in young/adult or aged mice, and this is in contrast with the 
increased number of satellite cells observed at early postnatal 
stages prior to quiescence entry at postnatal day 21 (Brien et al., 
2012). Secondly, we analyzed the endogenous muscle 
regenerative potential of p38αΔPax7 mice at different ages. While the 
young mice suffered a remarkable drop in its muscle regenerative 
potential upon p38α loss in satellite cells (around 40%), this 
decrement was more discrete in aged mice (25%). This result 
suggested that p38α deficiency in satellite cells is less detrimental 
at old than at young age, despite that other age-related niche 
factors and/or satellite cell-intrinsic defects could also be 
contributing to the muscle regeneration phenotype. Based on these 
findings, and considering that the p38 MAPK pathway may also 
crosstalk with other signaling cascades (Bain et al., 2007), we 
hypothesized that the inhibition of p38 activity in aged satellite cells 
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could rescue their impaired regeneration in vivo. Indeed, in muscle 
grafting experiments, we observed a significant increase in the 
regenerative capacity (21%) of aged satellite cells impaired in p38 
activation (after lentiviral delivery of a dominant negative p38 
mutant form) compared to wild-type cells. This indicates that 
attenuation of p38 signaling in aged satellite cells has a beneficial 
effect for muscle regeneration. In agreement with these results, 
recent reports demonstrated that transient p38α/β MAPK inhibition 
(Cosgrove et al., 2014), or attenuation of p38 signaling in a 
dominant negative haploinsufficient p38α mouse (DN‑p38αAF/+) 
(Papaconstantinou et al., 2015), had a positive impact on muscle 
regeneration. 
 
Global epigenetic alterations (Liu et al., 2013) are also a 
hallmark of aging. Key loci such as INK4a are typically derepressed 
(Sousa-Victor et al., 2014a; García-Prat et al., 2016; Cosgrove et 
al., 2014; Carlson et al., 2008; Elabd et al., 2014), showing 
modifications in repressive chromatin marks such as H3K4me3 and 
H3K27me3 in old satellite cells (Elabd et al., 2014) and H2AK119ub in 
geriatric satellite cells (Sousa-Victor et al., 2014a; García-Prat et 
al., 2016). This loss of regulation leads to elevated p16INK4a 
expression and satellite cells become pre-senescent, turning into 
full cellular senescence upon persistent proliferative signals 
(Sousa-Victor et al., 2014a).  
 
The role of p38 signaling in the induction of p16INK4a 
expression and promotion of cellular senescence has been studied 
in human fibroblasts (Iwasa et al., 2003), and the inhibition of p38 
activity was sufficient to extend the proliferative lifespan of 
fibroblasts (Tivey et al., 2013), pancreatic islet cells (Wong et al., 
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2009) or hematopoietic stem cells (Ito et al., 2012; Zou et al., 
2012). In aged muscle stem cells, p16INK4a upregulation and the 
loss of regenerative potential has been linked to the activation of 
p38α/β MAPK, since its pharmacological inhibition increase 
proliferation, thus promoting an amelioration of muscle 
regeneration in satellite cell transplantation experiments (Cosgrove 
et al., 2014; Bernet et al., 2014). However, the p38 MAPK – 
p16INK4a link was not uncovered in those studies. The epigenetic 
regulation of the INK4/ARF locus, which codes for p16INK4a and 
other CDK inhibitors, was lost in quiescent satellite cells from aged 
mice. In proliferative conditions, these cells adopted a senescent-
like state, showing well-known senescence-associated 
characteristics, such as an increased SA-β-gal activity and p16INK4a 
upregulation, and leading to a loss in quiescence and a drop in its 
regenerative potential (Sousa-Victor et al., 2014a). In the present 
study, we show that satellite cells from aged p38αΔPax7 mice did not 
enter geroconversion in vitro, and had an increased proliferative 
capacity and reduced levels of senescence-associated markers, 
such as SA-β-gal activity and p16INK4a expression (both at mRNA 
and protein levels).  
 
At a mechanistic level, the regulation of the INK4a locus is 
mainly exerted by PRC1 and PRC2 complexes, known mediators 
of cellular senescence (Agherbi et al., 2009; Lanigan et al., 2011). 
Sousa-Victor and coworkers reported that the association of the 
H2AK119Ub repressive mark, catalyzed by the PRC1 catalytic subunit 
Bmi1, to chromatin was reduced in aged satellite cells in key 
regions of the INK4a locus, the INK4a regulatory domain (RD) and 
exons 1a and 2, (Sousa-Victor et al., 2014). Our present study 
shows that the observed INK4a locus derepression in aged satellite 
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cells does not occur in the absence of p38α, being the H2AK119Ub 
repressive mark still associated at key regions of the INK4 locus. 
In future studies, we aim at getting further insight into the 
mechanism by which p38α regulates the derepression of the INK4a 
locus. Several reports indicated that PRC proteins may be targets 
for MAPKAP kinase 2 (MK2) (Yannoni et al., 2004) and 3 (MK3) 
(Voncken et al., 2005), well-known downstream kinases of p38 
MAPK. Following stress stimulation, MK2/3 phosphorylate 
components of the PRC1 complex, such as Bmi1, which generates 
the release of the entire PRC1 complex from the chromatin, and 
resulting in the derepression of the INK4a locus in fibroblasts 
(Voncken et al., 2005). Given the persistent increase of p38 activity 
in aged satellite cells, a p38-MK2/3-Bmi1 axis may explain the loss 
of regulation in the INK4a locus, and its repression upon p38α 
ablation. To prove this possibility, we plan to assess MK2/3 
phosphorylation in satellite cells from aged p38αΔPax7 mice.  
Interestingly, in neural stem cells, epidermal growth factor 
(EGF)-induced AKT phosphorylation renders Bmi-1 resistant to 
proteasomal degradation, leading to its stabilization and 
accumulation in the nucleus. However, inhibition of the AKT-
dependent Bmi-1 stabilizing process by p38 MAPK signaling 
reduces the levels of Bmi-1 in these cells (Kim et al., 2011). This 
could be a complementary mechanism linking p38 and Bmi1, which 
could be also operative in aged satellite cells, which may explain 
the persistent repression of the INK4a locus upon p38α ablation 
during aging. 
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Other components of the PRC2 complex (initiation complex) 
have also been described to be substrates of p38 MAPK. In the 
context of muscle regeneration, PRC2 represses Pax7 expression 
following inflammation-activated signaling in satellite cells (Palacios 
et al., 2010). TNFα-activated p38α MAPK promotes the interaction 
between YY1 transcription factor and PRC2, via threonine 372 
phosphorylation of Ezh2, the enzymatic subunit of the complex, 
leading to the formation of repressive chromatin on the Pax7 
promoter (Palacios et al., 2010), and therefore modulating the 
decision of satellite cells to proliferate or differentiate. Since YY1 is 
known to be implicated both in gene activation and repression, it is 
tempting to hypothesize that p38 phosphorylation of Ezh2 may lead 
to INK4a locus activation during aging. 
 
Alternatively, another possibility is that p38 MAPK 
specifically regulates the expression of the p16INK4a locus through 
direct phosphorylation of other downstream targets. HMG box-
containing protein 1 (HBP1) transcriptional repressor has been 
reported as a putative substrate for p38 MAPK in cell-cycle arrest 
(Xiu et al., 2003) and in Ras- and p38 MAPK-induced premature 
senescence (Zhang et al., 2006). HBP1 regulates endogenous 
p16INK4a expression through direct sequence-specific binding at the 
INK4 promoter in lung fibroblasts (Li et al., 2010). Taking this into 
account, p38α ablation in satellite cells during aging may lead to a 
deficient HBP1 phosphorylation, thus contributing to inefficient 
binding to INK4a promoter and avoiding the expression of p16INK4a. 
We plan to explore this putative mechanism in satellite cells by 
assessing HBP1 phosphorylation during aging, and also its 
association to the previously reported specific binding region at the 
INK4 promoter. 
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p38α has also been reported to associate to specific 
promoters during muscle differentiation (Simone et al., 2004; 
Palacios et al., 2010; Segalés et al., 2016) and in response to 
distinct types of stress (Ferreiro et al., 2010b). By its direct 
association, p38α is able to regulate the transcription of genes 
involved in cell cycle control and survival in these situations. 
Hence, it is tempting to hypothesize that p38α could be directly 
recruited to the INK4 locus, participating in its epigenetic regulation, 
by direct binding to its promoter (or other key regions), or by 
associating with elements that would lead to a loss of repression of 
this locus with aging. Our preliminary results point towards this 
scenario (data not shown). 
 
Other cell-intrinsic defects remain to be explored in satellite 
cells of aging p38αΔPax7 mice. It has been reported that although 
quiescent satellite cells seem more resistant to DNA damage and 
more efficient in repairing DNA lesions than their committed 
progeny (Vahidi Ferdousi et al., 2014), lifetime exposure to 
genotoxic stresses and a decline in antioxidant capacity with aging 
(Fulle et al., 2005) have a deleterious impact on their genomic 
integrity. When isolated from aged muscles, satellite cells display 
an increased number of foci containing phosphorylated histone 
H2AX, which is a well know DNA double strand break and genomic 
instability marker (Sinha et al., 2014; Sousa-Victor et al., 2014a). 
Preliminary results from our group suggest that the loss of p38α in 
freshly isolated aged satellite cells ameliorated the accumulation of 
foci containing phosphorylated histone H2AX in vitro (data not 
shown). We are currently testing if this decreased DNA damage 
accumulation in aged p38α-deficient satellite cells also occurs in 
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vivo, by staining of sections of regenerating muscle from aged and 
young mice of both genotypes. 
 
Another important mechanism that could link aging with 
senescence and p16INK4a accumulation is oxidative damage, a well-
known activator of the p38 MAPK pathway (Iwasa et al., 2003; 
Wang et al., 2002). Autophagy failure in aged resting muscle stem 
cells leads to accumulation of damaged proteins and dysfunctional 
organelles, specially mitochondria, which generates enhanced 
ROS levels that may cause DNA damage and senescence entry 
(García-Prat et al., 2016). ROS was uncovered as a key epigenetic 
regulator of the senescence-promoting gene INK4a in aging stem 
cells, by impeding PRC1-mediated H2AK119Ub repressive mark, 
required for INK4a locus silencing. Consistent with this, treatment 
of geriatric mice with antioxidants not only restored PRC1-mediated 
INK4a locus repression and prevented senescence in aged satellite 
cells, but also restored their regenerative capacity (García-Prat et 
al., 2016). Taking together, we hypothesize that the milder intrinsic 
regenerative failure of satellite cells from aged p38αΔPax7 mice could 
be a consequence of their ability to cope with oxidative damage. 
We are currently evaluating the levels of ROS in wild-type and 
p38α-deficient satellite cells at different ages trying to unravel this 
question. We have preliminary data showing that freshly isolated 
cells from geriatric p38αΔPax7 mice accumulate less ROS levels in 
proliferating conditions (data not shown); this hypothesis must be 
confirmed in vivo, since ROS measurements can be misleading 
























1. The p38 MAPK represses the E2F transcriptional program 
through direct control of RB. 
2. p38 interacts with RB and phosphorylates the N-terminal 
Ser249 and Thr252 residues upon different stresses. 
3. N-terminal RB phosphorylation by p38 increases RB activity as 
a transcriptional repressor of the E2F program. 
4. RB phosphorylation by p38 leads to cell cycle delay and 
increases cell survival upon stress. 
5. p38-phosphorylated RB is resistant to CDK inactivation. 
6. The phosphomimetic mutant, RBS249ET252E, inhibits cancer cell 
proliferation, both in vitro and in vivo. 
7. The N-terminal phosphorylation of RB by p38 increases its 
affinity towards E2F. 
8. RB phosphorylation by p38α does no show a clear contribution 
to muscle cell differentiation. 
9. Genetic loss of p38α in muscle stem cells from young and aged 
mice results in increased proliferation, and provides a functional 
advantage for aged stem cells. 
10. p38α deficiency in aged satellite cells results in reduced 
senescence entry.  
11. p38α deficiency reverses the epigenetic derepression of the 
INK4a locus in aged satellite cells, thus preventing age-
associated p16INK4a induction. 
12.  The inhibition of p38 activity results in a regenerative 

























Abou-Khalil, R., and Brack, A.S. (2010) Muscle stem cells and 
reversible quiescence: the role of sprouty. Cell Cycle 9, 2575-2580. 
 
Adams, P.D., Li, X., Sellers, W.R., Baker, K.B., Leng, X., Harper, 
J.W., Taya, Y., and Kaelin, W.G. Jr. (1999) Retinoblastoma protein 
contains a C-terminal motif that targets it for phosphorylation by 
cyclin-cdk complexes. Mol. Cell. Biol. 19, 1068–1080. 
 
Adams, R.H., Porras, A., Alonso, G., Jones, M., Vintersten, K., 
Panelli, S., Valladares, A., Perez, L., Klein, R., and Nebreda, A.R. 
(2000) Essential role of p38alpha MAP kinase in placental but not 
embryonic cardiovascular development. Mol. Cell.6:109-116. 
 
Agger, K., Cloos, P.A., Christensen, J., Pasini, D., Rose, S., 
Rappsilber, J., Issaeva, I., Canaani, E., Salcini, A.E., and Helin, K. 
(2007) UTX and JMJD3 are histone H3K27 demethylases involved 
in HOX gene regulation and development. Nature 449: 731-734. 
 
Agherbi, H., Gaussmann-Wenger, A., Verthuy, C., Chasson, L., 
Serrano, M., and Djabali, M. (2009) Polycomb mediated epigenetic 
silencing and replication timing at the INK4a/ARF locus during 
senescence. PLoS One. 4(5):e5622.  
 
Adrover, M.A., Zi, Z., Duch, A., Schaber, J., González-Novo, A., 
Jimenez, J., Nadal-Ribelles, M., Clotet, J., Klipp, E., and Posas, F. 
(2011) Time-dependent quantitative multicomponent control of the 
G1-S network by the stress-activated protein kinase Hog1 upon 
osmostress. Sci. Signal. 4, ra63. 
 
Ahlander, J., Chen, X.B., and Bosco, G. (2008) The N-terminal 
domain of the Drosophila retinoblastoma protein Rbf1 interacts with 
ORC and associates with chromatin in an E2F independent 
manner. PLoS ONE 3, e2831.  
 
Ait-Si-Ali, S., Guasconi, V., Fritsch, L., Yahi, H., Sekhri, R., 
Naguibneva, I., Robin, P., Cabon, F., Polesskaya, A., and Harel-
Bellan, A. (2004) A Suv39H-dependent mechanism for silencing S-
phase genes in differentiating but not in cycling cells. EMBO J 
23:605-15. 
 
REFERENCES   
208 
 
Alepuz, P.M., de Nadal, E., Zapater, M., Ammerer, G. and Posas, 
F. (2003) Osmostress-induced transcription by Hot1 depends on a 
Hog1-mediated recruitment of the RNA Pol II. EMBO J. 22, 2433–
2442. 
 
Alonso, G., Ambrosino, C., Jones, M. and Nebreda, A.R. (2000) 
Differential activation of p38 mitogen-activated protein kinase 
isoforms depending on signal strength. J. Biol. Chem. 275, 40641–
40648. 
 
Alway, S.E., Myers, M.J., and Mohamed, J.S. (2014) Regulation of 
satellite cell function in sarcopenia. Front Aging Neurosci 6:246. 
 
Ambrosino, C., and Nebreda, A.R. (2001) Cell cycle regulation by 
p38 MAP kinases. Biol. Cell 93, 47–51. 
 
Ames, B. N. (2002) Delaying the mitochondrial decay of aging. 
Annals of the New York Academy of Sciences 1019, 406-411. 
 
Arthur, J. (2008) MSK activation and physiological roles. Front. 
Biosci. 13:5866-79. 
 
Asghar, U., Witkiewicz, A.K., Turner, N.C., and Knudsen, E.S. 
(2015) The history and future of targeting cyclin-dependent kinases 
in cancer therapy. Nat Rev Drug Discov. 14(2):130-46. 
 
Askari, N., Beenstock, J., Livnah, O. and Engelberg, D. (2009) p38 
is active in vitro and in vivo when monophosphorylated on Thr180. 
Biochemistry 48, 2497–2504. 
 
Attwooll, C., Lazzerini Denchi, E., and Helin, K. (2004) The E2F 
family: specific functions and overlapping interests. EMBO J. 23, 
4709–4716.  
 
Baj, A., Bettaccini, A.A., Casalone, R., Sala, A., Cherubino, P., 
Toniolo, A.Q. (2005) Culture of skeletal myoblasts from human 
donors aged over 40 years: dynamics of cell growth and 
expression of differentiation markers. Journal of translational 
medicine 3, 21. 
 
Bardwell, L., and Thorner, J. (1996) A conserved motif at the amino 
termini of MEKs might mediate high-affinity interaction with the 
cognate MAPKs. Trends Biochem Sci.  21(10):373-4. 
 
  REFERENCES 
209 
 
Barski, A., Cuddapah, S., Cui, K., Roh, T.Y., Schones, D.E., Wang, 
Z., Wei, G., Chepelev, I., and Zhao, K. (2007) High-resolution 
profiling of histone methylations in the human genome. Cell 129: 
823-837.  
 
Beauséjour, C.M., Krtolica, A., Galimi, F., Narita, M., Lowe, S.W., 
Yaswen, P., and Campisi J. (2003) Reversal of human cellular 
senescence: roles of the p53 and p16 pathways. EMBO J. 
22(16):4212-22. 
 
Benevolenskaya, E.V., Murray, H.L., Branton, P., Young, R.A., and 
Kaelin, W.G. Jr. (2005) Binding of pRB to the PHD protein RBP2 
promotes cellular differentiation. Mol Cell 18: 623–635. 
 
Bergman, Y., and Cedar, H. (2013) DNA methylation dynamics in 
health and disease. Nat. Struct. Mol. Biol. 20, 274–281.  
 
Bernet, J. D., Doles, J. D., Hall, J. K., Kelly Tanaka, K., Carter, T. 
A., and Olwin, B. B. (2014) p38 MAPK signaling underlies a cell-
autonomous loss of stem cell self-renewal in skeletal muscle of 
aged mice. Nat. Med. 20, 265–271. 
 
Besson, A., Dowdy, S.F., and Roberts, J.M. (2008) CDK inhibitors: 
cell cycle regulators and beyond. Dev Cell 14:159-169. 
 
Binne, U.K., Classon, M.K., Dick, F.A., Wei, W., Rape, M., Kaelin, 
W.G. Jr, Naar, A.M., and Dyson, N.J. (2007) Retinoblastoma 
protein and anaphase-promoting complex physically interact and 
functionally cooperate during cell-cycle exit. Nat Cell Biol 9:225-
232. 
 
Biressi, S., Miyabara, E.H., Gopinath, S.D., Carlig, P.M., and 
Rando, T. A.A (2014) Wnt-TGFbeta2 axis induces a fibrogenic 
program in muscle stem cells from dystrophic mice. Science 
translational medicine 6, 267ra176. 
 
Biswas, A.K., and Johnson, D.G. (2012) Transcriptional and 
nontranscriptional functions of E2F1 in response to DNA damage. 
Cancer Res. 72, 13–17.  
 
Biswas, A.K., Mitchell, D.L., and Johnson, D.G. (2014) E2F1 
responds to ultraviolet radiation by directly stimulating DNA repair 
and suppressing carcinogenesis. Cancer Res. 74, 3369–3377. 
 
REFERENCES   
210 
 
Blais, A., and Dynlacht, B.D. (2007) E2F-associated chromatin 
modifiers and cell cycle control. Curr Opin Cell Biol. 19(6):658-62.  
 
Blais, A., van Oevelen, C.J., Margueron, R., Acosta-Alvear, D., and 
Dynlacht, B.D. (2007) Retinoblastoma tumor suppressor protein-
dependent methylation of histone H3 lysine 27 is associated with 
irreversible cell cycle exit. J. Cell Biol. 179, 1399–1412. 
 
Bode, A. M. and Dong, Z. (2007) The functional contrariety of JNK. 
Mol. Carcinog. 46, 591–598. 
 
Bonet, J., Planas-Iglesias, J., Garcia-Garcia, J., Marín-López, M.A., 
Fernandez-Fuentes, N., and Oliva, B. (2014) ArchDB 2014: 
structural classification of loops in proteins. Nucleic Acids Res. 42, 
D315–D319. 
 
Boonsanay, V., Zhang, T., Georgieva, A., Kostin, S., Qi, H., Yuan, 
X., Zhou, Y., and Braun, T. (2016) Regulation of skeletal muscle 
stem cell quiescence by Suv4-20h1- dependent facultative 
heterochromatin formation. Cell Stem Cell 18, 229–242.  
 
Borodkina, A., Shatrova, A., Abushik, P., Nikolsky, N., and Burova, 
E. (2014) Interaction between ROS dependent DNA damage, 
mitochondria and p38 MAPK underlies senescence of human adult 
stem cells. Aging (Albany NY). 6(6):481-95. 
 
Bortoli, S., Renault, V., Eveno, E., Auffray, C., Butler-Browne, G., 
Piétu, G.. (2003) Gene expression profiling of human satellite cells 
during muscular aging using cDNA arrays. Gene 321, 145-154. 
 
Brack, A.S., Bildsoe, H., and Hughes, S.M. (2005) Evidence that 
satellite cell decrement contributes to preferential decline in nuclear 
number from large fibres during murine age-related muscle 
atrophy. J Cell Sci 118(Pt 20):4813–4821.  
 
Brack, A.S., Conboy, M.J,. Roy, S., Lee, M., Kuo, C.J., Keller, C., 
and Rando, T.A. (2007) Increased Wnt signaling during aging 
alters muscle stem cell fate and increases fibrosis. Science 317, 
807-810. 
 
Brack, A.S., and Rando, T.A. (2007) Intrinsic changes and extrinsic 
influences of myogenic stem cell function during aging. Stem Cell 
Rev 3, 226-237. 
 
  REFERENCES 
211 
 
Brack, A.S., and Rando, T.A. (2012) Tissue-specific stem cells: 
lessons from the skeletal muscle satellite cell. Cell Stem Cell. 
4;10(5):504-14.  
 
Brack, A.S. (2014) Pax7 is back. Skelet. Muscle 4:24. 
 
Brack, A.S., and Muñoz-Cánoves, P. (2016) The ins and outs of 
muscle stem cell aging. Skelet Muscle. 18;6:1. 
 
Brancaccio, A., and Palacios, D. (2015) Chromatin signaling in 
muscle stem cells: interpreting the regenerative microenvironment. 
Front. Aging Neurosci. 7:36.  
 
Brancho, D., Tanaka, N., Jaeschke, A., Ventura, J. J., Kelkar, N., 
Tanaka, Y., Kyuuma, M., Takeshita, T., Flavell, R. A. and Davis, R. 
J. (2003) Mechanism of p38 MAP kinase 
activation in vivo. Genes Dev. 17, 1969–1978. 
 
Brehm, A., Miska, E.A., McCance, D.J., Reid, J.L., Bannister, A.J., 
and Kouzarides, T. (1998) Retinoblastoma protein recruits histone 
deacetylase to repress transcription. Nature 391:597-601. 
 
Brehm, A., and Kouzarides, T. (1999) Retinoblastoma protein 
meets chromatin. Trends Biochem. Sci. 24, 142–145. 
 
Bremner, R., Cohen, B.L., Sopta, M., Hamel, P.A., Ingles, C.J., 
Gallie, B.L., and Phillips, R.A. (1995) Direct transcriptional 
repression by pRB and its reversal by specific cyclins. Mol Cell Biol 
15:3256-3265. 
 
Brien, P., Pugazhendhi, D., Woodhouse, S., Oxley, D., and Pell, 
J.M. (2013) p38alpha MAPK regulates adult muscle stem cell fate 
by restricting progenitor proliferation during postnatal growth and 
repair. Stem Cells 31, 1597–1610. 
 
Brown, V.D., Phillips, R.A., and Gallie, B.L. (1999) Cumulative 
effect of phosphorylation of pRB on regulation of E2F activity. Mol. 
Cell. Biol. 19, 3246–3256. 
 
Buas, M.F., Kabak, S., and Kadesch, T. (2010) The Notch effector 
Hey1 associates with myogenic target genes to repress 
myogenesis. J. Biol. Chem. 285, 1249–1258.  
 
REFERENCES   
212 
 
Bulavin, D.V. and Fornace, A.J., Jr (2004) p38MAP kinase’s 
emerging role as a tumor suppressor. Adv. Cancer Res. 92, 95–
118.  
 
Bulavin, D. V, Higashimoto, Y., Popoff, I.J., Gaarde, W. a, Basrur, 
V., Potapova, O., Appella, E., and Fornace, a J. (2001) Initiation of 
a G2/M checkpoint after ultraviolet radiation requires p38 kinase. 
Nature 411, 102–107. 
 
Bulavin, D. V, Saito, S., Hollander, M.C., Sakaguchi, K., Anderson, 
C.W., Appella, E., and Fornace, A.J. (1999) Phosphorylation of 
human p53 by p38 kinase coordinates N-terminal phosphorylation 
and apoptosis in response to UV radiation. EMBO J. 18, 6845–
6854. 
 
Bulut-Karslioglu, A., Perrera, V., Scaranaro, M., De La Rosa-
Velazquez, I.A., Van De Nobelen, S., Shukeir, N., Popow, J., Gerle, 
B., Opravil, S., Pagani, M., Meidhof, S., Brabletz, T., Manke, T., 
Lachner, M., and Jenuwein, T. (2012) A transcription factor-based 
mechanism for mouse heterochromatin formation. Nat. Struct. Mol. 
Biol. 19, 1023–1030.  
 
Bungard, D., Fuerth, B.J., Zeng, P.Y., Faubert, B., Maas, N.L., 
Viollet, B., Carling, D., Thompson, C.B., Jones, R.G., and Berger, 
S.L. (2010) Signaling kinase AMPK activates stress-promoted 
transcription via histone H2B phosphorylation. Science 329, 1201–
1205. 
 
Burke, J.R., Deshong, A.J., Pelton, J.G., and Rubin, S.M. (2010) 
Phosphorylation-induced conformational changes in the 
retinoblastoma protein inhibit E2F transactivation domain binding. 
J. Biol. Chem. 285, 16286–16293. 
 
Burke, J.R., Hura, G.L., and Rubin, S.M. (2012) Structures of 
inactive retinoblastoma protein reveal multiple mechanisms for cell 
cycle control. Genes Dev. 26, 1156–1166. 
 
Burkhart, D.L., and Sage, J. (2008) Cellular mechanisms of tumour 
suppression by the retinoblastoma gene. Nat. Rev. Cancer 8, 671–
682. 
 
Bustos, F., De La Vega, E., Cabezas, F., Thompson, J., 
Cornelison, D.D., Olwin, B.B., Yates, J.R. 3rd, and Olguin, H.C. 
(2015) NEDD4 Regulates PAX7 levels promoting activation of the 
  REFERENCES 
213 
 
differentiation program in skeletal muscle precursors. Stem Cells 
33, 3138–3151.  
 
Cai, B., Chang, S.H., Becker, E.B.E., Bonni, A., and Xia, Z. (2006) 
p38 MAP kinase mediates apoptosis through phosphorylation of 
Bim EL at Ser-65. J. Biol. Chem. 281, 25215–25222. 
 
Cai, B. and Xia, Z. (2008) p38 MAP kinase mediates arsenite-
induced apoptosis through FOXO3a activation and induction of Bim 
transcription. Apoptosis 13(6): 803–810. 
 
Calbo, J., Parreno, M., Sotillo, E., Yong, T., Mazo, A., Garriga, J., 
Grana, X. (2002) G1 cyclin/cyclin-dependent kinase-coordinated 
phosphorylation of endogenous pocket proteins differentially 
regulates their interactions with E2F4 and E2F1 and gene 
expression. J Biol Chem 277:50263-50274. 
 
Camarda, G., Siepi, F., Pajalunga, D., Bernardini, C., Rossi, R., 
Montecucco, A., Meccia, E., and Crescenzi, M. (2004) A pRb-
independent mechanism preserves the postmitotic state in 
terminally differentiated skeletal muscle cells. J Cell Biol. 
167(3):417-23.  
 
Campisi, J. (2013) Aging, cellular senescence, and cancer. Annu 
Rev Physiol. 75:685-705. 
 
Canagarajah, B.J., Khokhlatchev, A., Cobb, M.H., and Goldsmith, 
E.J. (1997) Activation mechanism of the MAP kinase ERK2 by dual 
phosphorylation. Cell 90, 859–869. 
 
Cantó, C., Houtkooper, R.H., Pirinen, E., Youn, D.Y., Oosterveer, 
M.H., Cen, Y., Fernandez-Marcos, P.J., Yamamoto, H., Andreux, 
P.A., Cettour-Rose, P., Gademann, K., Rinsch, C., Schoonjans, K., 
Sauve, A.A., and Auwerx, J. (2012) The NAD(+) precursor 
nicotinamide riboside enhances oxidative metabolism and protects 
against high-fat diet-induced obesity. Cell Metab. 15(6):838-47. 
 
Cargnello, M., and Roux, P.P. (2011) Activation and function of the 
MAPKs and their substrates, the MAPK-activated protein kinases. 
Microbiol. Mol. Biol. Rev. 75, 50–83. 
 
Castano, E., Kleyner, Y., and Dynlacht, B. (1998) Dual cyclin-
binding domains are required for p107 to function as a kinase 
inhibitor. Mol Cell Biol 18:5380-5391. 
REFERENCES   
214 
 
Cao, Y., Yao, Z., Sarkar, D., Lawrence, M., Sanchez, G.J., Parker, 
M.H., MacQuarrie, K.L., Davison, J., Morgan, M.T., Ruzzo, W.L., 
Gentleman, R.C., and Tapscott, S.J. (2010) Genome-wide MyoD 
binding in skeletal muscle cells: a potential for broad cellular 
reprogramming. Dev. Cell 18, 662–674.  
 
Caretti, G., Di Padova, M., Micales, B., Lyons, G.E., and Sartorelli, 
V. (2004) The Polycomb Ezh2 methyltransferase regulates muscle 
gene expression and skeletal muscle differentiation. Genes Dev 
18: 2627-2638. 
 
Carlson, B.M., and Faulkner, J.A. (1983) The regeneration of 
skeletal muscle fibers following injury: a review. Med.Sci.Sports 
Exercise 15, 187. 
 
Carlson, M.E., and Conboy, I.M. (2007) Loss of stem cell 
regenerative capacity within aged niches. Aging cell 6, 371-382. 
 
Carlson, M.E., Hsu, M., and Conboy, I.M. (2008) Imbalance 
between pSmad3 and Notch induces CDK inhibitors in old muscle 
stem cells. Nature 454, 528-532. 
 
Carrió, E., and Suelves, M. (2015) DNA methylation dynamics in 
muscle development and disease. Front. Aging Neurosci. 7:19.  
 
Carrió, E., Díez-Villanueva, A., Lois, S., Mallona, I., Cases, I., Forn, 
M., Peinado, M.A., and Suelves, M. (2015) Deconstruction of DNA 
methylation patterns during myogenesis reveals specific epigenetic 
events in the establishment of the skeletal muscle lineage. Stem 
Cells. 33(6):2025-36.  
 
Carrió, E., Magli, A., Muñoz, M., Peinado, M.A., Perlingeiro, R., and 
Suelves, M. (2016) Muscle cell identity requires Pax7-mediated 
lineage-specific DNA demethylation. BMC Biol. 14:30. 
 
Cavanaugh, A.H., Hempel, W.M., Taylor, L.J., Rogalsky, V., 
Todorov, G., Rothblum, L.I. (1995) Activity of RNA polymerase I 
transcription factor UBF blocked by Rb gene product. Nature 
374:177-180. 
 
Cecchini, M.J., and Dick, F.A. (2011) The biochemical basis of 
CDK phosphorylation-independent regulation of E2F1 by the 
retinoblastoma protein. Biochem. J. 434, 297–308. 
 
  REFERENCES 
215 
 
Cerletti, M., Jang, Y.C., Finley, L.W., Haigis, M.C., and Wagers, 
A.J. (2012) Short-term calorie restriction enhances skeletal muscle 
stem cell function. Cell Stem Cell. 10(5):515-9. 
 
Chakkalakal, J.V., Jones, K.M., Basson, M.A., and Brack, A.S. 
(2012) The aged niche disrupts muscle stem cell quiescence. 
Nature 490, 355-360. 
 
Chan, H.M., Krstic-Demonacos, M., Smith, L., Demonacos, C., and 
La Thangue, N.B. (2001) Acetylation control of the retinoblastoma 
tumour-suppressor protein. Nat Genet 3:667-674. 
 
Chan, H.M., and La Thangue, N.B. (2001) p300/CBP proteins: 
HATs for transcriptional bridges and scaffolds. J Cell Sci. 
114(13):2363-73. 
 
Chang, L., and Karin, M. (2001) Mammalian MAP kinase signalling 
cascades. Nature 410, 37–40. 
 
Chang, N.C., and Rudnicki, M.A. (2014) Satellite cells: the 
architects of skeletal muscle. Curr. Top. Dev. Biol. 107, 161–181. 
 
Chargé, S.B., Brack, A.S., and Hughes, S.M. (2002) Aging-related 
satellite cell differentiation defect occurs prematurely after Ski-
induced muscle hypertrophy. American journal of physiology. Cell 
physiology 283, C1228-1241. 
 
Charville, G.W., Cheung, T.H., Yoo, B., Santos, P.J., Lee, G.K., 
Shrager, J.B., and Rando, T.A. (2015) Ex vivo expansion and in 
vivo self-renewal of human muscle stem cells. Stem Cell Rep. 5, 
621–632. 
 
Cheedipudi, S., Gala, H.P., Puri, D., and Dhawan, J. (2015) 
Identification of PRDM2 regulated genes in quiescent C2C12 
myoblasts. Genom Data 6, 264–266.  
 
Chen, J.F., Mandel, E.M., Thomson, J.M., Wu, Q., Callis, T.E., 
Hammond, S.M., Conlon, F.L., Wang, D.Z. (2006) The role of 
microRNA-1 and microRNA-133 in skeletal muscle proliferation and 
differentiation Nat Genet 38: 228-233. 
 
Chen, Y., Gelfond, J., McManus, L.M., Shireman, P.K. (2011) 
Temporal microRNA expression during in vitro myogenic progenitor 
REFERENCES 
216 
cell proliferation and differentiation: regulation of proliferation by 
miR-682. Physiol Genomics 43: 621-630. 
Chestukhin, A., Litovchick, L., Rudich, K., and DeCaprio, J.A. 
(2002) Nucleocytoplasmic shuttling of p130/RBL2: novel regulatory 
mechanism. Mol Cell Biol 22:453-468.  
Cheung, P.C., Campbell, D.G., Nebreda, A.R. and Cohen, P. 
(2003) Feedback control of the protein kinase TAK1 by 
SAPK2a/p38α. EMBO J. 22, 5793–5805. 
Cheung, T.H., Quach, N.L., Charville, G.W., Liu, L., Park, L., 
Edalati, A., Yoo, B., Hoang, P., and Rando, T.A. (2012) 
Maintenance of muscle stem-cell quiescence by microRNA-489. 
Nature 482: 524-528. 
Chew, Y.P., Ellis, M., Wilkie, S., and Mittnacht, S. (1998) pRB 
phosphorylation mutants reveal role of pRB in regulating S phase 
completion by a mechanism independent of E2F. Oncogene 17, 
2177–2186. 
Chinnam, M., and Goodrich, D.W. (2011) RB1, development, and 
cancer. Curr. Top. Dev. Biol. 94, 129–169. 
Cho, H.J., Park, S.M., Hwang, E.M., Baek, K.E., Kim, I.K., Nam, 
I.K., Im, M.J., Park, S.H., Bae, S., Park, J.Y., and Yoo, J. (2010)
Gadd45b mediates Fas-induced apoptosis by enhancing the
interaction between p38 and retinoblastoma tumor suppressor. J.
Biol. Chem. 285, 25500–25505.
Choi, M.C., Ryu, S., Hao, R., Wang, B., Kapur, M., Fan, C.M., and 
Yao, T.P. (2014) HDAC4 promotes Pax7-dependent satellite cell 
activation and muscle regeneration. EMBO Rep 15: 1175-1183. 
Chow, K.N., and Dean, D.C. (1996) Domains A and B in the Rb 
pocket interact to form a transcriptional repressor motif. Mol Cell 
Biol 16:4862-4868. 
Chow, C.W., and Davis, R.J. (2006) Proteins Kinases: Chromatin-
Associated Enzymes? Cell 127, 887–890. 
Ciarmatori, S., Scott, P.H., Sutcliffe, J.E., McLees, A., Alzuherri, 
H.M., Dannenberg, J.H., te Riele, H., Grummt, I., Voit, R., and
  REFERENCES 
217 
 
White, R.J. (2001) Overlapping functions of the pRb family in the 
regulation of rRNA synthesis. Mol Cell Biol 21:5806-5814.  
 
Ciavarra, G., and Zacksenhaus, E. (2010) Rescue of myogenic 
defects in Rb-deficient cells by inhibition of autophagy or by 
hypoxia-induced glycolytic shift. J Cell Biol. 191(2):291-301. 
 
Ciavarra, G., Ho, A.T., Cobrinik, D., Zacksenhaus, E. (2011) 
Critical role of the Rb family in myoblast survival and fusion. PLoS 
One. 6(3):e17682. 
 
Classon, M., and Dyson, N. (2001) p107 and p130: versatile 
proteins with interesting pockets. Exp Cell Res 264:135-147. 
 
Classon, M., and Harlow, E. (2002) The retinoblastoma tumour 
suppressor in development and cancer. Nat Rev Cancer 2:910-
917.   
 
Cobrinik, D. (2005) Pocket proteins and cell cycle control. 
Oncogene 24, 2796–2809. 
 
Collado, M., and Serrano, M. (2006) The power and the promise of 
oncogene-induced senescence markers. Nat Rev Cancer. 
6(6):472-6.  
 
Collins, C.A., Zammit, P.S., Ruiz, A.P., Morgan, J.E., and 
Partridge, T.A. (2007) A population of myogenic stem cells that 
survives skeletal muscle aging. Stem Cells 25(4):885–894. 
 
Comai, G., and Tajbakhsh, S. (2014) Molecular and cellular 
regulation of skeletal myogenesis. Curr. Top. Dev. Biol. 110, 1–73. 
 
Conboy, I.M., Conboy, M.J., Smythe, G.M., and Rando, T.A. (2003) 
Notch-mediated restoration of regenerative potential to aged 
muscle. Science 302, 1575-1577. 
 
Conboy, I.M., Conboy, M.J., Wagers, A.J., Girma, E.R., Weissman, 
I.L., and Rando, T.A. (2005) Rejuvenation of aged progenitor cells 
by exposure to a young systemic environment. Nature 433, 760-
764. 
 
Conboy, I.M., and Rando, T.A. (2005) Aging, stem cells and tissue 
regeneration: lessons from muscle. Cell Cycle 4, 407-410. 
 
REFERENCES   
218 
 
Coppé, J.P., Desprez, P.Y., Krtolica, A., and Campisi, J. (2010) 
The senescence-associated secretory phenotype: the dark side of 
tumor suppression. Annu Rev Pathol. 5:99–118.  
 
Corbeil, H.B., Whyte, P., and Branton, P.E. (1995) Characterization 
of transcription factor E2F complexes during muscle and neuronal 
differentiation. Oncogene. 11:909–920. 
 
Cornelison, D., and Perdiguero, E. (2017) Muscle Stem Cells: A 
Model System for Adult Stem Cell Biology. Methods Mol Biol. 
1556:3-19. 
 
Coschi, C.H., Martens, A.L., Ritchie, K., Francis, S.M., Chakrabarti, 
S., Berube, N.G., and Dick, F.A. (2010) Mitotic chromosome 
condensation mediated by the retinoblastoma protein is tumor-
suppressive. Genes Dev. 24, 1351–1363. 
 
Cosgrove, B.D., Gilbert, P.M., Porpiglia, E., Mourkioti, F., Lee, S.P., 
Corbel,,S.Y., Llewellyn, M.E., Delp, S.L., and Blau, H.M. (2014) 
Rejuvenation of the muscle stem cell population restores strength 
to injured aged muscles. Nat.Med. 20,255–264. 
 
Crescenzi, M., Soddu, S., Sacchi, A., and Tatò , F. (1995) 
Adenovirus infection induces reentry into the cell cycle of terminally 
differentiated skeletal muscle cells. Ann. N Y Acad. Sci. 752, 9–18. 
 
Crist, C.G., Montarras, D., Pallafacchina, G., Rocancourt, D., 
Cumano, A., Conway, S.J., and Buckingham, M. (2009) Muscle 
stem cell behavior is modified by microRNA-27 regulation of Pax3 
expression. Proc Natl Acad Sci USA 106: 13383-13387. 
 
Crist, C.G., Montarras, D., and Buckingham, M. (2012) Muscle 
satellite cells are primed for myogenesis but maintain quiescence 
with sequestration of Myf5 mRNA targeted by microRNA-31 in 
mRNP granules. Cell Stem Cell 11, 118–126.  
 
Cuadrado, M., Gutierrez-Martinez, P., Swat, A., Nebreda, A.R., and 
Fernandez-Capetillo, O. (2009) p27Kip1 stabilization is essential 
for the maintenance of cell cycle arrest in response to DNA 
damage. Cancer Res. 69, 8726–8732. 
 
Cuadrado, A., and Nebreda, A.R. (2010) Mechanisms and 
functions of p38 MAPK signalling. Biochem. J. 429, 403–417. 
 
  REFERENCES 
219 
 
Cuadrado, A., Corrado, N., Perdiguero, E., Lafarga, V., Munoz-
Canoves, P., and Nebreda, A.R. (2010) Essential role of 
p18Hamlet/SRCAP-mediated histone H2A.Z chromatin 
incorporation in muscle differentiation. EMBO J. 29, 2014–2025. 
 
Cuenda, A., and Cohen, P. (1999) Stress-activated protein kinase-
2/p38 and a rapamycin-sensitive pathway are required for C2C12 
myogenesis. J. Biol. Chem. 274, 4341–4346. 
 
Cuenda, A., and Rousseau, S. (2007) p38 MAP-kinases pathway 
regulation, function and role in human diseases. Biochim. Biophys. 
Acta 1773, 1358–1375. 
 
Cuevas, B.D., Abell, A.N., and Johnson G L (2007) Role of 
mitogen-activated protein kinase kinase kinases in signal 
integration. Oncogene 26, 3159–3171. 
 
Dagnino, L., Zhu, L., Skorecki, K.L., and Moses, H.L (1995) E2F-
independent transcriptional repression by p107, a member of the 
retinoblastoma family of proteins. Cell Growth Differ 6:191-198. 
 
Dai, C.Y., and Enders, G.H. (2000) p16 INK4a can initiate an 
autonomous senescence program. Oncogene. 19(13):1613-22. 
 
Day, K., Shefer, G., Shearer, A., and Yablonka-Reuveni, Z. (2010) 
The depletion of skeletal muscle satellite cells with age is 
concomitant with reduced capacity of single progenitors to produce 
reserve progeny. Developmental biology 340, 330- 343. 
 
De Falco, G., Comes, F., and Simone, C. (2006) pRb: master of 
differentiation. Coupling irreversible cell cycle withdrawal with 
induction of muscle-specific transcription. Oncogene 25(38):5244-
9. 
 
de Nadal, E., Zapater, M., Alepuz, P.M., Sumoy, L., Mas, G., and 
Posas, F. (2004) The MAPK Hog1 recruits Rpd3 histone 
deacetylase to activate osmoresponsive genes. Nature 427, 370–
374. 
 
de Nadal, E. and Posas, F. (2010) Multilayered control of gene 
expression by stress-activated protein kinases. EMBO J. 29, 4–13. 
 
de Nadal, E., Ammerer, G., and Posas, F. (2011). Controlling gene 
expression in response to stress. Nat. Rev. Genet. 12, 833–845. 
REFERENCES   
220 
 
De Santa, F., Totaro, M.G., Prosperini, E., Notarbartolo, S., Testa, 
G., and Natoli, G. (2007) The histone H3 lysine-27 demethylase 
Jmjd3 links inflammation to inhibition of polycomb-mediated gene 
silencing. Cell 130: 1083-1094. 
 
DeCaprio, J.A., Furukawa, Y., Ajchenbaum, F., Griffin, J.D., and 
Livingston, D.M. (1992) The retinoblastoma-susceptibility gene 
product becomes phosphorylated in multiple stages during cell 
cycle entry and progression. Proc. Natl. Acad. Sci. USA 89, 1795–
1798. 
 
DeGregori, J., and Johnson, D.G. (2006) Distinct and overlapping 
roles for E2F family members in transcription, proliferation and 
apoptosis. Curr Mol Med. 6:739-48.  
 
Dephoure, N., Zhou, C., Villén, J., Beausoleil, S.A., Bakalarski, 
C.E., Elledge, S.J., and Gygi, S.P. (2008) A quantitative atlas of 
mitotic phosphorylation. Proc Natl Acad Sci USA. 105(31):10762-7.  
 
Di Vona, C., Bezdan, D., Islam, A.B., Salichs, E., Lopez-Bigas, N., 
Ossowski, S., and de la Luna, S. (2015) Chromatin-wide profiling of 
DYRK1A reveals a role as a gene-specific RNA polymerase II CTD 
kinase. Mol. Cell 57, 506–520. 
 
Dias, P., Parham, D.M., Shapiro, D.N., Tapscot, S.J., and 
Houghton P.J.. (1992) Monoclonal antibodies to the myogenic 
regulatory protein MyoD1: Epitope mapping and diagnostic utility. 
Cancer Res. 52: 6431–6439. 
 
Dick, F.A., and Dyson, N. (2003) pRB contains an E2F1-specific 
binding domain that allows E2F1-induced apoptosis to be regulated 
separately from other E2F activities. Mol. Cell 12, 639–649. 
 
Dick, F.A. (2007) Structure-function analysis of the retinoblastoma 
tumor suppressor protein - is the whole a sum of its parts? Cell Div 
2:26. 
 
Dick, F.A., and Rubin, S.M. (2013) Molecular mechanisms 
underlying RB protein function. Nat. Rev. Mol. Cell Biol. 14, 297–
306. 
 
Didier, N., Hourde, C., Amthor, H., Marazzi, G., and Sassoon, D. 
(2012) Loss of a single allele for Ku80 leads to progenitor 
  REFERENCES 
221 
 
dysfunction and accelerated aging in skeletal muscle. EMBO Mol. 
Med. 4, 910–923. 
 
Dilworth, F.J., and Blais, A. (2011) Epigenetic regulation of satellite 
cell activation during muscle regeneration. Stem Cell Res. Ther. 2, 
18. 
 
Diskin, R., Lebendiker, M., Engelberg, D., Livnah, O. (2007) 
Structures of p38alpha active mutants reveal conformational 
changes in L16 loop that induce autophosphorylation and 
activation. J Mol Biol. 365(1):66-76.  
 
Dmitrieva, N.I., Bulavin, D.V, Fornace, A.J., and Burg, M.B. (2002) 
Rapid activation of G2/M checkpoint after hypertonic stress in renal 
inner medullary epithelial (IME) cells is protective and requires p38 
kinase. Proc. Natl. Acad. Sci. U. S. A. 99, 184–189. 
 
Doles, J.D., and Olwin, B.B. (2015) Muscle stem cells on the edge. 
Curr. Opin. Genet. Dev. 34, 24–28. 
 
Doza, N.Y., Cuenda, A., Thomas, G.M., Cohen, P. and Nebreda, 
A.R. (1995) Activation of the MAP kinase homologue RK requires 
the phosphorylation of Thr-180 and Tyr-182 and both residues are 
phosphorylated in chemically stressed KB cells. FEBS Lett. 364, 
223–228. 
 
Du, J., Klein, J.D., Hassounah, F., Zhang, J., Zhang, C., and Wang, 
X.H. (2014) Aging increases CCN1 expression leading to muscle 
senescence. Am J Physiol Cell Physiol. 306(1):C28-36.  
 
Duch, A., de Nadal, E., and Posas, F. (2012) The p38 and Hog1 
SAPKs control cell cycle progression in response to environmental 
stresses. FEBS Lett. 586, 2925–2931. 
 
Dunaief, J.L., Strober, B.E., Guha, S., Khavari, P.A., Alin, K., 
Luban, J., Begemann, M., Crabtree, G.R., and Goff, S.P. (1994) 
The retinoblastoma protein and BRG1 form a complex and 
cooperate to induce cell cycle arrest. Cell 79:119-130. 
 
Edmunds, J.W., and Mahadevan, L.C. (2004) MAP kinases as 
structural adaptors and enzymatic activators in transcription 
complexes. J. Cell Sci. 117, 3715–3723. 
 
REFERENCES   
222 
 
English, J., Pearson, G., Wilsbacher, J., Swantek, J., Karandikar, 
M., Xu, S., and Cobb, M.H. (1999) New Insights into the Control of 
MAP Kinase Pathways. Exp. Cell Res. 253, 255–270. 
 
Enslen, H., Raingeaud, J. and Davis, R.J. (1998) Selective 
activation of p38 mitogen-activated protein (MAP) kinase isoforms 
by the MAP kinase kinases MKK3 and MKK6. J. Biol. Chem. 273, 
1741–1748.   
 
Escoté, X., Zapater, M., Clotet, J., and Posas, F. (2004) Hog1 
mediates cell-cycle arrest in G1 phase by the dual targeting of 
Sic1. Nat. Cell Biol. 6, 997-1002. 
 
Ewen, M.E., Faha, B., Harlow, E., and Livingston, D.M. (1992) 
Interaction of p107 with cyclin A independent of complex formation 
with viral oncoproteins. Science 255:85-87. 
 
Ezhevsky, S.A., Nagahara, H., Vocero-Akbani, A.M., Gius, D.R., 
Wei, M.C., and Dowdy, S.F. (1997) Hypo-phosphorylation of the 
retinoblastoma protein (pRb) by cyclin D:Cdk4/6 complexes results 
in active pRb. Proc Natl Acad Sci USA. 94(20):10699-704.  
 
Faha, B., Ewen, M.E., Tsai, L.H., Livingston, D.M., and Harlow, E. 
(1992) Interaction between human cyclin A and adenovirus E1A-
associated p107 protein. Science 255:87-90. 
 
Farooq, F., Balabanian, S., Liu, X., Holcik, M., and MacKenzie, A. 
(2009) p38 Mitogen-activated protein kinase stabilizes SMN mRNA 
through RNA binding protein HuR. Hum. Mol. Genet. 18, 4035–
4045. 
 
Faulkner, J.A., Brooks, S.V., and Zerba, E. (1995) Muscle atrophy 
and weakness with aging: contraction-induced injury as an 
underlying mechanism. J Gerontol A Biol Sci Med Sci 50 Spec 
No:124–129. 
 
Ferreira, R., Magnaghi-Jaulin, L., Robin, P., Harel-Bellan, A., and 
Trouche, D. (1998) The three members of the pocket proteins 
family share the ability to repress E2F activity through recruitment 
of a histone deacetylase. Proc Natl Acad Sci U S A 95:10493 – 8. 
 
Ferreiro, I., Joaquin, M., Islam, A., Gomez-Lopez, G., Barragan, M., 
Lombardía, L., Domínguez, O., Pisano, D.G., Lopez-Bigas, N., 
Nebreda, A.R., et al. (2010a). Whole genome analysis of p38 
  REFERENCES 
223 
 
SAPK-mediated gene expression upon stress. BMC Genomics 11, 
144. 
 
Ferreiro, I., Barragan, M., Gubern, A., Ballestar, E., Joaquin, M., 
and Posas, F. (2010b) The p38 SAPK is recruited to chromatin via 
its interaction with transcription factors. J. Biol. Chem. 285, 31819–
31828. 
 
Flemington, E.K., Speck, S.H., Kaelin, W.G. Jr (1993) E2F-1 
mediated transactivation is inhibited by complex formation with the 
retinoblastoma susceptibility gene product. Proc Natl Acad Sci USA 
90:6914-6918. 
 
Forcales, S. V, Albini, S., Giordani, L., Malecova, B., Cignolo, L., 
Chernov, A., Coutinho, P., Saccone, V., Consalvi, S., Williams, R., 
Wang, K., Wu, Z., Baranovskaya, S., Miller, A., Dilworth, F.j: and 
Puri, P.L. (2011) Signal-dependent incorporation of MyoD–BAF60c 
into Brg1-based SWI/SNF chromatin-remodelling complex. EMBO 
J. 31, 301–316. 
 
Forcales, S. V., Albini, S., Giordani, L., Malecova, B., Cignolo, L., 
Chernov, A., Coutinho, P., Saccone, V., Consalvi, S., Williams, R., 
Wang, K., Wu, Z., Baranovskaya, S., Miller, A., Dilworth, F.J., and 
Puri, P.L. (2012) Signal-dependent incorporation of MyoD-BAF60c 
into Brg1-based SWI/SNF chromatin-remodelling complex. EMBO 
J. 31, 301–316. 
 
Francis, S.M., Bergsied, J., Isaac, C.E., Coschi, C.H., Martens, 
A.L., Hojilla, C.V., Chakrabarti, S., Dimattia, G.E., Khoka, R., 
Wang, J.Y., and Dick, F.A. (2009) A functional connection between 
pRB and transforming growth factor beta in growth inhibition and 
mammary gland development. Mol Cell Biol 29:4455-4466. 
 
Freund, A., Patil, C.K., and Campisi, J. (2011) p38MAPK is a novel 
DNA damage response-independent regulator of the senescence-
associated secretory phenotype. EMBO J. 30(8):1536-48.  
 
Friend, S.H., Bernards, R., Rogelj, S., Weinberg, R.A., Rapaport, 
J.M., Albert, D.M., and Dryja, T.P. (1986) A human DNA segment 
with properties of the gene that predisposes to retinoblastoma and 
osteosarcoma. Nature 323, 643–646. 
 
REFERENCES   
224 
 
Frolov, M.V., and Dyson, N.J. (2004) Molecular mechanisms of 
E2F-dependent activation and pRB-mediated repression. J Cell Sci 
117:2173-2181.  
 
Fukada, S., Uezumi, A., Ikemoto, M., Masuda, S., Segawa, M., 
Tanimura, N., Yamamoto, H., Miyagoe-Suzuki, Y., and Takeda, S. 
(2007) Molecular signature of quiescent satellite cells in adult 
skeletal muscle. Stem Cells. 25(10):2448-59.  
 
Fulle, S., Di Donna, S., Puglielli, C., Pietrangelo, T., Beccafico, S., 
Bellomo, R., Protasi, F., and Fanò, G. (2005) Age-dependent 
imbalance of the antioxidative system in human satellite cells. Exp. 
Gerontol. 40, 189–197. 
 
Garcia-Prat, L., Sousa-Victor, P., and Munoz-Canoves, P. (2013) 
Functional dysregulation of stem cells during aging: a focus on 
skeletal muscle stem cells. The FEBS journal 280, 4051-4062. 
 
Garcia-Prat, L., Martinez-Vicente, M., Perdiguero, E., Ortet, L., 
Rodriguez-Ubreva, J., Rebollo, E., Ruiz-Bonilla, V., Gutarra, S., 
Ballestar, E., Serrano, A.L., Sandri, M., and Muñoz-Cánoves P. 
(2016) Autophagy maintains stemness by preventing senescence. 
Nature 529, 3. 
 
García-Prat, L., Sousa-Victor, P., and Muñoz-Cánoves, P. (2017) 
Proteostatic and Metabolic Control of Stemness. Cell Stem Cell. 
20(5):593-608. 
 
Gillespie, M.A., Le Grand, F., Scime, A., Kuang, S., Von Maltzahn, 
J., Seale, V., Cuenda, A., Ranish, J.A., and Rudnicki, M.A. (2009) 
p38-{gamma}-dependent gene silencing restricts entry into the 
myogenic differentiation program. J. Cell Biol. 187, 991–1005. 
 
Giordani, L., and Puri, P.L. (2013) Epigenetic control of skeletal 
muscle regeneration: integrating genetic determinants and 
environmental changes. FEBS J. 280, 4014–4025.  
 
Glass, D., and Roubenoff, R. (2010) Recent advances in the 
biology and therapy of muscle wasting. Ann N Y Acad Sci 
1211:25–36. 
 
Goedert, M., Cuenda, A., Craxton, M., Jakes, R., and Cohen, P. 
(1997) Activation of the novel stress-activated protein kinase 
SAPK4 by cytokines and cellular stresses is mediated by SKK3 
  REFERENCES 
225 
 
(MKK6); Comparison of its substrate specificity with that of other 
SAP kinases. EMBO J. 16, 3563–3571. 
 
Golden, T.R., Hinerfeld, D.A., and Melov, S. (2002) Oxidative 
stress and aging: beyond correlation. Aging cell 1, 117-123. 
 
Goloudina, A., Yamaguchi, H., Chervyakova, D.B., Appella, E., 
Fornace, A.J., and Bulavin, D. V. (2003) Regulation of human 
Cdc25A stability by Serine 75 phosphorylation is not sufficient to 
activate a S phase checkpoint. Cell Cycle 2, 473–478. 
 
Gomes, A.P., Price, N.L., Ling, A.J., Moslehi, J.J., Montgomery, 
M.K., Rajman, L., White, J.P., Teodoro, J.S., Wrann, C.D., 
Hubbard, B.P., Mercken, E.M., Palmeira, C.M., de Cabo, R., Rolo, 
A.P., Turner, N., Bell, E.L., and Sinclair, D.A. (2013) Declining 
NAD(+) induces a pseudohypoxic state disrupting nuclear-
mitochondrial communication during aging. Cell. 155(7):1624-38.  
 
González-Novo, A., Jiménez, J., Clotet, J., Nadal-Ribelles, M., 
Cavero, S., de Nadal, E., and Posas, F. (2015) Hog1 targets Whi5 
and Msa1 transcription factors to downregulate cyclin expression 
upon stress. Mol. Cell. Biol. 35, 1606–1618. 
 
Gros, J., Manceau, M., Thome, V., and Marcelle, C. (2005) A 
common somitic origin for embryonic muscle progenitors and 
satellite cells. Nature 435(7044):954–958.  
 
Gu, W., Schneider, J.W., Condorelli, G., Kaushal, S., Mahdavi, V., 
and Nadal-Ginard, B. (1993) Interaction of myogenic factors and 
the retinoblastoma protein mediates muscle cell commitment and 
differentiation. Cell 72, 309–324. 
 
Guasconi, V., and Puri, P.L. (2009) Chromatin: the interface 
between extrinsic cues and the epigenetic regulation of muscle 
regeneration. Trends Cell Biol. 19, 286–294. 
 
Gubern, A., Joaquin, M., Marquès, M., Maseres, P., Garcia-Garcia, 
J., Amat, R., González-Nuñez, D., Oliva, B., Real, F.X., de Nadal, 
E., and Posas, F. (2016) The N-Terminal Phosphorylation of RB by 
p38 Bypasses Its Inactivation by CDKs and Prevents Proliferation 
in Cancer Cells. Mol Cell. 64(1):25-36.  
 
Gunther, S., Kim, J., Kostin, S., Lepper, C., Fan, C.M., and Braun, 
T. (2013) Myf5-positive satellite cells contribute to Pax7-dependent 
REFERENCES 
226 
long-term maintenance of adult muscle stem cells. Cell Stem Cell 
13, 590–601. 
Gupta, S, Barrett T., Whitmarsh A.J., Cavanagh J., Sluss H.K., 
Dérijard B., Davis R.J. (1996) Selective interaction of JNK protein 
kinase isoforms with transcription factors . EMBO J. 15 (11):2760-
70. 
Gutmann, E., and Carlson, B.M. (1976) Regeneration and 
transplantation of muscles in old rats and between young and old 
rats. Life Sci. 18, 109–114. 
Hallstrom, T.C., and Nevins, J.R. (2009) Balancing the decision of 
cell proliferation and cell fate. Cell Cycle 8, 532–535. 
Hanahan, D., and Weinberg, R.A. (2011) Hallmarks of cancer: the 
next generation. Cell 144, 646–674. 
Hannan, K.M., Hannan, R.D., Smith, S.D., Jefferson, L.S., Lun, M., 
and Rothblum, L.I. (2000) Rb and p130 regulate RNA polymerase I 
transcription: Rb disrupts the interaction between UBF and SL-1. 
Oncogene 19:4988-4999. 
Hansen, K.H., Bracken, A.P., Pasini, D., Dietrich, N., Gehani, S.S., 
Monrad, A., Rappsilber, J., Lerdrup, M., and Helin, K. (2008) A 
model for transmission of the H3K27me3 epigenetic mark. Nat Cell 
Biol 10: 1291-1300.  
Hao, B., Oehlmann, S., Sowa, M.E., Harper, J.W., and Pavletich, 
N.P.. (2007) Structure of a Fbw7-Skp1-cyclin E complex: multisite-
phosphorylated substrate recognition by SCF ubiquitin ligases. Mol.
Cell 26, 131–143.
Haq, R., Brenton, J.D., Takahashi, M., Finan, D., Finkielsztein, A., 
Damaraju, S., Rottapel, R., and Zanke B. (2002) Constitutive 
p38HOG mitogen-activated protein kinase activation induces 
permanent cell cycle arrest and senescence. Cancer Res. 
62(17):5076-82. 
Harbour, J.W., Luo, R.X., Dei Santi, A., Postigo, A.A., and Dean, 
D.C. (1999) Cdk phosphorylation triggers sequential intramolecular
interactions that progressively block Rb functions as cells move
through G1. Cell 98, 859–869.
  REFERENCES 
227 
 
Harrison, D.E. (1983) Long-term erythropoietic repopulating ability 
of old, young, and fetal stem cells. J Exp Med 157, 1496-1504. 
 
Hassler, M., Singh, S., Yue, W.W., Luczynski, M., Lakbir, R., 
Sanchez-Sanchez, F., Bader, T., Pearl, L.H., and Mittnacht, S. 
(2007) Crystal structure of the retinoblastoma protein N domain 
provides insight into tumor suppression, ligand interaction, and 
holoprotein architecture. Mol. Cell 28, 371–385. 
 
Hasty, P., Campisi, J., Hoeijmakers, J., van Steeg, H., and Vijg, J. 
(2003) Aging and genome maintenance: lessons from the mouse? 
Science 299, 1355-1359. 
 
Hausburg, M.A., Doles, J.D., Clement, S.L., Cadwallader, A.B., 
Hall, M.N., Blackshear, P.J., Lykke-Andersen, J., and Olwin, B.B. 
(2015) Post-transcriptional regulation of satellite cell quiescence by 
TTP-mediated mRNA decay. Elife 4:e03390. 
 
Hauser, P., Agrawal, D., Chu, B., and Pledger, W. (1997) p107 and 
p130 associated cyclin A has altered substrate specificity. J Biol 
Chem 272:22954-22959. 
 
Hawke, T.J., and Garry, D.J. (2001) Myogenic satellite cells: 
physiology to molecular biology. Journal of applied physiology 91, 
534-551. 
 
Hediger, F., and Gasser, S.M. (2006) Heterochromatin protein 1: 
don’t judge the book by its cover! Curr Opin Genet Dev. 16(2):143-
50.  
 
Helin, K., Harlow, E., and Fattaey, A. (1993) Inhibition of E2F-1 
transactivation by direct binding of the retinoblastoma protein. Mol 
Cell Biol 13:6501-6508.  
 
Henley, S.A., and Dick, F.A. (2012) The retinoblastoma family of 
proteins and their regulatory functions in the mammalian cell 
division cycle. Cell Div. 7(1):10. 
 
Hiebert, S.W., Chellappan, S.P., Horowitz, J.M., and Nevins, J.R. 
(1992) The interaction of pRb with E2F inhibits the transcriptional 
activity of E2F. Genes & Dev 6:177-185. 
 
Hikida, R.S. (2011) Aging changes in satellite cells and their 
functions. Current aging science 4, 279-297.  
REFERENCES   
228 
 
Hirschi, A., Cecchini, M., Steinhardt, R.C., Schamber, M.R., Dick, 
F.A., and Rubin, S.M. (2010) An overlapping kinase and 
phosphatase docking site regulates activity of the retinoblastoma 
protein. Nat. Struct. Mol. Biol. 17, 1051–1057. 
 
Hosoyama, T., Nishijo, K., Prajapati, S.I., Li, G., and Keller, C. 
(2011) Rb1 gene inactivation expands satellite cell and postnatal 
myoblast pools. J Biol Chem. 286(22):19556-64. 
 
Howe, J.A., and Bayley, S. (1992) Effects of Ad5 E1A mutant 
viruses on the cell cycle in relation to the binding of cellular proteins 
including the retinoblastoma protein and cyclin A. Virol 186:15-24. 
 
Hu, Q.J., Dyson, N., and Harlow, E. (1990) The regions of the 
retinoblastoma protein needed for binding to adenovirus E1A or 
SV40 large T antigen are common sites for mutations. EMBO J 
9:1147-1155. 
 
Huang, C.-Y., and Tan, T.-H. (2012). DUSPs, to MAP kinases and 
beyond. Cell Biosci. 2, 1. Huang, C., Ma, W.Y., Maxiner, A., Sun, 
Y., and Dong, Z. (1999) p38 kinase mediates UV-induced 
phosphorylation of p53 protein at serine 389. J. Biol. Chem. 274, 
12229–12235. 
 
Huh, M.S., Parker, M.H., Scimè, A., Parks, R., and Rudnicki, M.A. 
(2004) Rb is required for progression through myogenic 
differentiation but not maintenance of terminal differentiation. J Cell 
Biol. 13;166(6):865-76. 
 
Hurford, R.K. Jr, Cobrinik, D., Lee, M.H., and Dyson, N (1997) pRB 
and p107/p130 are required for the regulated expression of 
different sets of E2F responsive genes. Genes Dev 11:1447-1463.  
 
Hurford, R.K. Jr, Cobrinik, D., Lee, M.H., and Dyson, N. (1997) 
pRB and p107/p130 are required for the regulated expression of 
different sets of E2F responsive genes. Genes Dev. 11, 1447–
1463. 
 
Iaquinta, P.J., and Lees, J.A. (2007) Life and death decisions by 
the E2F transcription factors. Curr. Opin. Cell Biol. 19, 649–657. 
 
Ianari, A., Natale, T., Calo, E., Ferretti, E., Alesse, E., Screpanti, I., 
Haigis, K., Gulino, A., and Lees, J.A. (2009) Proapoptotic function 
  REFERENCES 
229 
 
of the retinoblastoma tumor suppressor protein. Cancer Cell 2009, 
15:184-194.  
 
Isaac, C.E., Francis, S.M., Martens, A.L., Julian, L.M., Seifried, 
L.A., Erdmann, N., Binne, U.K., Harrington, L., Sicinski, P., Bérubé, 
N.G., Dyson, N.J., and Dick, F.A. (2006) The retinoblastoma 
protein regulates pericentric heterochromatin. Mol Cell Biol 
26:3659-3671. 
 
Ito, K., Hirao, A., Arai, F., Takubo, K., Matsuoka, S., Miyamoto, K., 
Ohmura, M., Naka, K., Hosokawa, K., Ikeda, Y., and Suda, T. 
(2006) Reactive oxygen species act through p38 MAPK to limit the 
lifespan of hematopoietic stem cells. Nat Med. 12(4):446-51.  
 
Iwasa, H., Han, J., and Ishikawa, F. (2003) Mitogen-activated 
protein kinase p38 defines the common senescence-signalling 
pathway. Genes Cells. 8(2):131-44. 
 
Jasper, H., and Kennedy, B.K. (2012) Niche science: the aging 
stem cell. Cell Cycle 11, 2959–2960. 
 
Ji, P., Jiang, H., Rekhtman, K., Bloom, J., Ichetovkin, M., Pagano, 
M., and Zhu, L. (2004) An Rb-Skp2-p27 pathway mediates acute 
cell cycle inhibition by Rb and is retained in a partial-penetrance Rb 
mutant. Mol Cell 16:47-58. 
 
Joaquin, M., Gubern, A., González-Nuñez, D., Josué Ruiz, E., 
Ferreiro, I., de Nadal, E., Nebreda, A.R., and Posas, F. (2012a) 
The p57 CDKi integrates stress signals into cell-cycle progression 
to promote cell survival upon stress. EMBO J. 31, 2952–2964. 
 
Joaquin, M., Gubern, A., and Posas, F. (2012b) A novel G1 
checkpoint mediated by the p57 CDK inhibitor and p38 SAPK 
promotes cell survival upon stress. Cell Cycle 11, 3339–3340. 
 
Jones, D.L., and Rando, T.A. (2011) Emerging models and 
paradigms for stem cell ageing. Nat. Cell Biol. 13, 506–512. 
 
Jones, N.C., Tyner, K.J., Nibarger, L., Stanley, H.M., Cornelison, 
D.D., Fedorov, Y.V., and Olwin, B.B. (2005) The p38alpha/beta 
MAPK functions as a molecular switch to activate the quiescent 
satellite cell. J. Cell Biol. 169, 105–116. 
 
REFERENCES   
230 
 
Judson, R.N., Zhang, R.H., and Rossi, F.M. (2013) Tissue-resident 
mesenchymal stem/progenitor cells in skeletal muscle: 
collaborators or saboteurs? FEBS J. 280, 4100–4108.  
 
Julian, L.M., Palander, O., Seifried, L.A., Foster, J.E., and Dick, 
F.A. (2008) Characterization of an E2F1-specific binding domain in 
pRB and its implications for apoptotic regulation. Oncogene 27, 
1572–1579. 
 
Jun, J.I., and Lau, L.F. (2010) The matricellular protein CCN1 
induces fibroblast senescence and restricts fibrosis in cutaneous 
wound healing. Nat Cell Biol. 12(7):676-85. 
 
Jung, Y., and Brack, A.S. (2014) Cellular mechanisms of somatic  
stem cell aging. Curr. Top. Dev. Biol. 107, 405–438. 
 
Karantza, V., Maroo, A., Fay, D., and Sedivy, J.M. (1993) 
Overproduction of Rb protein after the G1/S boundary causes G2 
arrest. Mol Cell Biol 13:6640-6652. 
 
Kassar-Duchossoy, L., Giacone, E., Gayraud-Morel, B., Jory, A., 
Gomes, D., and Tajbakhsh, S. (2005) Pax3/Pax7 mark a novel 
population of primitive myogenic cells during development. Genes 
Dev 19(12):1426–1431. 
 
Katajisto, P., Döhla, J., Chaffer, C.L., Pentinmikko, N., Marjanovic, 
N., Iqbal, S., Zoncu, R., Chen, W., Weinberg, R.A., and Sabatini, 
D.M. (2015) Stem cells. Asymmetric apportioning of aged 
mitochondria between daughter cells is required for stemness. 
Science. 348(6232):340-3. 
 
Katz, B. (1961) The terminations of the afferent nerve fibre in the 
muscle spindle of the frog. Philos. Trans. R. Soc. Lond. B Biol. Sci. 
243, 221-240. 
 
Kawabe, Y., Wang, Y.X., Mckinnell, I.W., Bedford, M.T., and 
Rudnicki, M.A. (2012) Carm1 regulates Pax7 transcriptional activity 
through MLL1/2 recruitment during asymmetric satellite stem cell 
divisions. Cell Stem Cell 11, 333–345. 
 
Keren, A., Tamir, Y., and Bengal, E. (2006) The p38 MAPK 
signaling pathway: a major regulator of skeletal muscle 
development. Mol. Cell. Endocrinol. 252, 224–230.77. 
 
  REFERENCES 
231 
 
Kim, G.Y., Mercer, S.E., Ewton, D.Z., Yan, Z., Jin, K., and 
Friedman, E. (2002) The stress-activated protein kinases p38 alpha 
and JNK1 stabilize p21(Cip1) by phosphorylation. J. Biol. Chem. 
277, 29792–29802. 
 
Kishi, H., Nakagawa, K., Matsumoto, M., Suga, M., Ando, M., Taya, 
Y., and Yamaizumi, M. (2001) Osmotic Shock Induces G1 Arrest 
through p53 Phosphorylation at Ser33 by Activated p38MAPK 
without Phosphorylation at Ser15 and Ser20. J. Biol. Chem. 276, 
39115–39122. 
 
Knudsen, E.S., and Wang, J.Y. (1997) Dual mechanisms for the 
inhibition of E2F binding to RB by cyclin-dependent 
kinasemediated RB phosphorylation. Mol. Cell. Biol. 17, 5771–
5783. 
 
Knudsen, E.S., and Wang, J.Y. (2010) Targeting the RB-pathway 
in cancer therapy. Clin. Cancer Res. 16, 1094–1099. 
 
Kodama, R., Kato, M., Furuta, S., Ueno, S., Zhang, Y., Matsuno, 
K., Yabe-Nishimura, C., Tanaka, E., and Kamata, T. (2013) ROS-
generating oxidases Nox1 and Nox4 contribute to oncogenic Ras-
induced premature senescence. Genes Cells 18, 32–41. 
 
Krauss, R.S. (2010) Regulation of promyogenic signal transduction 
by cell-cell contact and adhesion. Exp. Cell Res. 316, 3042–3049. 
 
Krek, W., Livingston, D.M., and Shirodkar, S. (1993) Binding to 
DNA and the retinoblastoma gene product promoted by complex 
formation of different E2F family members. Science 262, 1557–
1560. 
 
Kouzarides, T. (2007) Chromatin modifications and their 
function.Cell 128: 693-705.  
 
Kuang, S., and Rudnicki, M.A. (2008) The emerging biology of 
satellite cells and their therapeutic potential. Trends Mol Med 14: 
82-91. 
 
Kyriakis, J.M., and Avruch, J. (2012) Mammalian MAPK signal 
transduction pathways activated by stress and inflammation: a 10-
year update. Physiol. Rev. 92, 689–737. 
 
REFERENCES   
232 
 
Lacy, S., and Whyte, P. (1997) Identification of a p130 domain 
mediating interactions with cyclin A/cdk 2 and cyclin E/cdk 2 
complexes. Oncogene 14:2395-2406. 
 
Lafarga, V., Cuadrado, A., Lopez de Silanes, I., Bengoechea, R., 
Fernandez-Capetillo, O., and Nebreda, A.R. (2009) p38 Mitogen-
activated protein kinase and HuR-dependent stabilization of 
p21(Cip1) mRNA mediates the G(1)/S checkpoint. Mol. Cell. Biol. 
29, 4341–4351. 
 
Lan, F., Bayliss, P.E., Rinn, J.L., Whetstine, J.R., Wang, J.K., 
Chen, S., Iwase, S., Alpatov, R., Issaeva, I., Canaani, E., Roberts, 
T.M., Chang, H.Y., and Shi, Y. (2007) A histone H3 lysine 27 
demethylase regulates animal posterior development. Nature 449: 
689-694. 
 
Lanigan, F., Geraghty, J.G., and Bracken, A.P. (2011) 
Transcriptional regulation of cellular senescence. Oncogene. 
30(26):2901-11. 
 
Lasorella, A., Noseda, M., Beyna, M., Yokota, Y., and Iavarone, A 
(2000) Id2 is a retinoblastoma protein target and mediates 
signalling by Myc oncoproteins. Nature 407: 592–598. 
 
Lavia, P., and Jansen-Durr, P. (1999) E2F target genes and cell-
cycle checkpoint control. Bioessays  21:221-230. 
 
Lavoie, J.N., L'Allemain, G., Brunet, A., Müller, R., Pouysségur, J. 
(1996) Cyclin D1 expression is regulated positively by the p42/p44 
MAPK and negatively by the p38/HOG MAPK pathway. J Biol 
Chem. 271 (34):20608-16. 
 
Lawson, S.K., Dobrikova, E.Y., Shveygert, M., and Gromeier, M. 
(2013) p38α mitogen-activated protein kinase depletion and 
repression of signal transduction to translation machinery by miR-
124 and -128 in neurons. Mol. Cell. Biol. 33, 127–135. 
 
Lee, W.H., Bookstein, R., Hong, F., Young, L.J., Shew, J.Y., and 
Lee, E.Y. (1987) Human retinoblastoma susceptibility gene: 
Cloning, identification, and sequence. Science 235:1394-1399. 
 
Lee, J-O., Russo, A.A., and Pavletich, N.P. (1998) Structure of the 
retinoblastoma tumoursuppressor pocket domain bound to a 
peptide from HPV E7. Nature 391:859-865. 
  REFERENCES 
233 
 
Lee, A.C., Fenster, B.E., Ito, H., Takeda, K., Bae, N.S., Hirai, T., 
Yu, Z.X., Ferrans, V.J., Howard, B.H., Finkel, T. (1999) Ras 
proteins induce senescence by altering the intracellular levels of 
reactive oxygen species. J. Biol. Chem. 274, 7936–7940. 
 
Lee, C., Chang, J.H., Lee, H.S., and Cho, Y. (2002) Structural 
basis for the recognition of the E2F transactivation domain by the 
retinoblastoma tumor suppressor. Genes Dev. 16, 3199–3212. 
 
Lees, J.A., Buchkovich, K.J., Marshak, D.R., Anderson, C.W., and 
Harlow, E. (1991) The retinoblastoma protein is phosphorylated on 
multiple sites by human cdc2. EMBO J. 10, 4279–4290. 
 
Lemaire, M., Froment, C., Boutros, R., Mondesert, O., Nebreda, 
A.R., Monsarrat, B., and Ducommun, B. (2006) CDC25B 
phosphorylation by p38 and MK-2. Cell Cycle. 5(15):1649-53. 
 
Lents, N.H., Gorges, L.L,, and Baldassare, J.J. (2006) Reverse 
mutational analysis reveals threonine-373 as a potentially sufficient 
phosphorylation site for inactivation of the retinoblastoma tumor 
suppressor protein (pRB). Cell Cycle 5, 1699–1707. 
 
Lepper, C., Partridge, T.A., and Fan, C.M. (2011) An absolute 
requirement for Pax7-positive satellite cells in acute injury-induced 
skeletal muscle regeneration. Development. 138(17):3639–46.  
 
Lerner, C., Bitto, A., Pulliam, D., Nacarelli, T., Konigsberg, M., Van 
Remmen, H., Torres, C., and Sell, C. (2013) Reduced mammalian 
target of rapamycin activity facilitates mitochondrial retrograde 
signaling and increases life span in normal human fibroblasts. 
Aging Cell 12, 966–977. 
 
Li, Y., Jiang, B., Ensign, W.Y., Vogt, P.K., and Han, J. (2000) 
Myogenic differentiation requires signaling through both 
phosphatidylinositol 3-kinase and p38 MAP kinase. Cell. Signal. 12, 
751–757. 
 
Li, H., and Wicks, W.D. (2001) Retinoblastoma protein interacts 
with ATF2 and JNK/p38 in stimulating the transforming growth 
factor-beta2 promoter. Arch. Biochem. Biophys. 394, 1–12. 
 
Lindqvist, A., de Bruijn, M., Macurek, L., Bras, A., Mensinga, A., 
Bruinsma, W., Voets, O., Kranenburg, O. and Medema, R.H. 
(2009) Wip1 confers G2 checkpoint recovery competence by 
REFERENCES   
234 
 
counteracting p53-dependent transcriptional repression. EMBO J. 
28, 3196–3206. 
 
Ling, B.M., Bharathy, N., Chung, T.K., Kok, W.K., Li, S., Tan, Y.H., 
Rao, V.K., Gopinadhan, S., Sartorelli, V., Walsh, M.J., and Taneja, 
R. (2012) Lysine methyltransferase G9a methylates the 
transcription factor MyoD and regulates skeletal muscle 
differentiation. Proc Natl Acad Sci USA 109, 841–846. 
 
Litovchick, L., Chestukhin, A., and DeCaprio, J.A. (2004) Glycogen 
synthase kinase 3 phosphorylates RBL2/p130 during quiescence. 
Mol Cell Biol 2004, 24:8970-8980. 
 
Liu, H., Chen, S.E., Jin, B., Carson, J.A., Niu, A., Durham, W., Lai, 
J.Y., Li, Y.P. (2010) TIMP3: a physiological regulator of adult 
myogenesis. J Cell Sci 123: 2914-2921. 
 
Liu, Q. C., Zha, X.H., Faralli, H., Yin, H., Louis-Jeune, C., 
Perdiguero, E., Pranckeviciene, E., Muñoz-Cànoves, P., Rudnicki, 
M.A., Brand, M., Perez-Iratxeta, C., and Dilworth, F.J. (2012) 
Comparative expression profiling identifies differential roles for 
Myogenin and p38alpha MAPK signaling in myogenesis. J. Mol. 
Cell Biol. 4, 386–397. 
 
Liu, L., Cheung, T.H., Charville, G.W., Hurgo, B.M., Leavitt, T., 
Shih, J., Brunet, A., and Rando, T.A. (2013) Chromatin 
modifications as determinants of muscle stem cell quiescence and 
chronological aging. Cell Rep 4, 189-204. 
 
Lluis, F., Ballestar, E., Suelves, M., Esteller, M., and Munoz-
Canoves, P. (2005) E47 phosphorylation by p38 MAPK promotes 
MyoD/E47 association and muscle-specific gene transcription. 
EMBO J. 24, 974–984. 
 
Lluis, F., Perdiguero, E., Nebreda, A.R., and Munoz-Canoves, P. 
(2006) Regulation of skeletal muscle gene expression by p38 MAP 
kinases. Trends Cell Biol. 16, 36–44. 
 
Longworth, M.S. Herr, A., Ji, J.Y., and Dyson NJ. (2008) RBF1 
promotes chromatin condensation through a conserved interaction 
with the Condensin II protein dCAPD3. Genes Dev. 22, 1011–
1024. 
 
  REFERENCES 
235 
 
Lopez-Otin, C., Blasco, M.A., Partridge, L., Serrano, M. and 
Kroemer, G. (2013) The hallmarks of aging. Cell 153, 1194-1217. 
 
Lu, J., McKinsey, T.A., Zhang, C.L., and Olson, E.N. (2000) 
Regulation of skeletal myogenesis by association of the MEF2 
transcription factor with class II histone deacetylases. Mol Cell 6: 
233-244. 
 
Luo, R.X., Postigo, A.A., and Dean, D.C. (1998) Rb interacts with 
histone deacetylase to repress transcription. Cell 92:463-473. 
 
Macdonald, J.I., and Dick, F.A. (2012) Posttranslational 
modifications of the retinoblastoma tumor suppressor protein as 
determinants of function. Genes Cancer. 3(11-12):619-33. 
 
MacLellan, W.R., Xiao, G., Abdellatif, M., and Schneider, M.D. 
(2000) A novel Rb- and p300-binding protein inhibits transactivation 
by MyoD. Mol Cell Biol 20:8903–8915. 
 
Magenta, A., Cenciarelli, C., De Santa, F., Fuschi, P., Martelli, F., 
Caruso, M., and Felsani, A. (2003). MyoD stimulates RB promoter 
activity via the CREB/p300 nuclear transduction pathway. Mol. Cell. 
Biol. 23:2893–2906. 
 
Magnaghi, L., Groisman, R., Naguibneva, I., Robin, P., Lorain, S., 
Le Villain, J.P., Troalen, F., Trouche, D., and Harel-Bellan, A. 
(1998) Retinoblastoma protein represses transcription by recruiting 
a histone deacetylase. Nature 391:601-604. 
 
Mal, A., Sturniolo, M., Schiltz, R.L., Ghosh, M.K., Harter, M.L. 
(2001) A role for histone deacetylase HDAC1 in modulating the 
transcriptional activity of MyoD: inhibition of the myogenic program. 
EMBO J 20:1739-1753. 
 
Mandal, P.K., Blanpain, C., and Rossi, D.J. (2011) DNA damage 
response in adult stem cells: pathways and consequences. Nature 
Rev. Mol. Cell Biol. 12, 198–202. 
 
Manning, A.L., Longworth, M.S., and Dyson, N.J. (2010) Loss of 
pRB causes centromere dysfunction and chromosomal instability. 
Genes Dev. 24, 1364–1376. 
 
Manning, A.L., and Dyson, N.J. (2011) pRB, a tumor suppressor 
with a stabilizing presence. Trends Cell Biol. 21, 433–441. 
REFERENCES   
236 
 
Manning, A.L., and Dyson, N.J. (2012) RB: mitotic implications of a 
tumour suppressor. Nat. Rev. Cancer 12, 220–226. 
 
Markham, D., Munro, S., Soloway, J., O’Connor, D.P., and La 
Thangue, N,B. (2006) DNA damage-responsive acetylation of pRb 
regulates binding to E2F-1. EMBO Rep 7:192-198. 
 
Martelli, F., Cenciarelli, C., Santarelli, G., Polikar, B., Felsani, A., 
and Caruso, M. (1994) MyoD induces retinoblastoma gene 
expression during myogenic differentiation. Oncogene. 9:3579–
3590. 
 
Mauro, A. (1961) Satellite cell of skeletal muscle fibers. J. Biophys. 
Biochem. Cytol. 9, 493-495. 
 
Mavrogonatou, E., and Kletsas, D. (2009) High osmolality activates 
the G1 and G2 cell cycle checkpoints and affects the DNA integrity 
of nucleus pulposus intervertebral disc cells triggering an enhanced 
DNA repair response. DNA Repair (Amst).8, 930–943. 
 
McAlees, J.W. and Sanders, V.M. (2009) Hematopoietic protein 
tyrosine phosphatase mediates β2-adrenergic receptor-induced 
regulation of p38 mitogen-activated protein kinase in B 
lymphocytes. Mol. Cell. Biol. 29, 675–686. 
 
McFarlane, C., Vajjala, A., Arigela, H., Lokireddy, S., Ge, X., 
Bonala, S., Manickam, R., Kambadur, R., and Sharma, M. (2014) 
Negative auto-regulation of myostatin expression is mediated by 
Smad3 and microRNA-27. PLoS One 9: e87687. 
 
McKay, M.M. and Morrison, D.K. (2007) Integrating signals from 
RTKs to ERK/MAPK. Oncogene 26(22):3113-21. 
 
Mckinnell, I.W., Ishibashi, J., Le Grand, F., Punch, V.G., Addicks, 
G.C., Greenblatt, J.F., Dilworth, F.J., and Rudnicki, M.A. (2008) 
Pax7 activates myogenic genes by recruitment of a histone 
methyltransferase complex. Nat. Cell Biol. 10, 77–84.  
 
Meister, M., Tomasovic, A., Banning, A., and Tikkanen, R. (2013) 
Mitogen-Activated Protein (MAP) Kinase Scaffolding Proteins: A 
Recount. Int J Mol Sci. 14(3):4854-84. 
 
Mikkelsen, T.S., Ku, M., Jaffe, D.B., Issac, B., Lieberman, E., 
Giannoukos, G., Alvarez, P., Brockman, W., Kim, T.K., Koche, 
  REFERENCES 
237 
 
R.P., Lee, W., Mendenhall, E., O'Donovan, A., Presser, A., Russ, 
C., Xie, X., Meissner, A., Wernig, M., Jaenisch, R., Nusbaum, C., 
Lander, E.S., and Bernstein, B.E. (2007). Genome-wide maps of 
chromatin state in pluripotent and lineage-committed cells. Nature 
448, 553–560.  
 
Mintz, B., and Baker, W.W. (1967) Normal mammalian muscle 
differentiation and gene control of isocitrate dehydrogenase 
synthesis. Proc Natl Acad Sci U S A. 58(2):592-8. 
 
Mitchell, W.K., Williams, J., Atherton, P., Larvin, M., Lund, J., and 
Narici, M. (2012) Sarcopenia, dynapenia, and the impact of 
advancing age on human skeletal muscle size and strength; a 
quantitative review. Front Physiol 3:260. 
 
Mittnacht, S. (1998) Control of pRB phosphorylation. Curr Opin 
Genet Dev 8:21-27. 
 
Moberg, K., Starz, M.A., and Lees, J.A. (1996) E2F-4 switches 
from p130 to p107 and pRB in response to cell cycle reentry. Mol 
Cell Biol 16:1436-1449.  
 
Mohn, F., Weber, M., Rebhan, M., Roloff, T.C., Richter, J., Stadler, 
M.B., Bibel, M., and Schübeler, D. (2008) Lineage-specific 
polycomb targets and de novo DNA methylation define restriction 
and potential of neuronal progenitors. Mol Cell 30: 755-766.  
 
Morrison, A.J., Sardet, C., and Herrera, R.E. (2002) 
Retinoblastoma protein transcriptional repression through histone 
deacetylation of a single nucleosome. Mol Cell Biol 22:856-865.  
 
Mouchiroud, L., Houtkooper, R.H., Moullan, N., Katsyuba, E., Ryu, 
D., Cantó, C., Mottis, A., Jo, Y.S., Viswanathan, M., Schoonjans, 
K., Guarente, L., and Auwerx, J. (2013) The NAD(+)/Sirtuin 
Pathway Modulates Longevity through Activation of Mitochondrial 
UPR and FOXO Signaling. Cell. 154(2):430-41. 
 
Mousavi, K., Zare, H., Wang, A.H., and Sartorelli, V. (2012) 
Polycomb protein Ezh1 promotes RNA polymerase II elongation. 
Mol. Cell 45, 255–262. 
 
Mozzetta, C., Consalvi, S., Saccone, V., Forcales, S.V., Puri, P.L., 
and Palacios, D. (2011) Selective control of Pax7 expression by 
TNF-activated p38alpha/polycomb repressive complex 2 (PRC2) 
REFERENCES   
238 
 
signaling during muscle satellite cell differentiation. Cell Cycle 10, 
191–198. 
 
Mudgett, J.S., Ding, J., Guh-Siesel, L., Chartrain, N.A., Yang, L., 
Gopal, S., and Shen, M.M. (2000) Essential role for p38alpha 
mitogen-activated protein kinase in placental angiogenesis. Proc. 
Natl. Acad. Sci. U. S. A. 97:10454-10459. 
 
Mulligan, G.J., Wong, J., and Jacks, T. (1998) p130 is dispensable 
in peripheral T lymphocytes: evidence for functional compensation 
by p107 and p130. Mol Cell Biol 18:206-220.  
 
Munro, S., Khaire, N., Inche, A., Carr, S., and La Thangue, N.B. 
(2010) Lysine methylation regulates the pRb tumour suppressor 
protein. Oncogene. 29(16):2357-67.  
 
Munro, S., Carr, S.M., and La Thangue, N.B. (2012) Diversity 
within the pRb pathway: is there a code of conduct? Oncogene 31, 
4343–4352. 
 
Muñoz-Espin, D., and Serrano, M. (2014) Cellular senescence: 
from physiology to pathology. Nat Rev Mol Cell Biol 15, 482-496. 
 
Nebreda, A.R., and Porras, A. (2000) p38 MAP kinases: beyond 
the stress response. Trends Biochem. Sci. 25, 257–260. 
 
Ng, S., Yue, W., Oppermann, U., and Klose, R. (2009) Dynamic 
protein methylation in chromatin biology. Cell Mol Life Sci. 
66(3):407-22.  
 
Nguyen, D.X., Baglia, L.A., Huang, S-M., Baker, C.M., McCance, 
D.J. (2004) Acetylation regulates the differentiation-specific 
functions of the retinoblastoma protein. EMBO J. 23(7):1609-18.  
 
Nicolas, E., Roumillac, C., and Trouche, D. (2003) Balance 
between acetylation and methylation of histone H3 lysine 9 on the 
E2F-responsive dihydrofolate reductase promoter. Mol Cell Biol 
23:1614 – 22. 
 
Nielsen, S.J., Schneider, R., Bauer, U.M., Bannister, A.J., 
Morrison, A., O’Carroll, D., Firestein, R., Cleary, M., Jenuwein, T., 
Herrera, R.E., and Kouzarides, T. (2001) Rb targets histone H3 
methylation and HP1 to promoters. Nature 412:561-565. 
 
  REFERENCES 
239 
 
Nilsen, T.W. (2007) Mechanisms of microRNA-mediated gene 
regulation in animal cells. Trends Genet 23: 243-249. 
 
Novitch, B.G., Spicer, D.B., Kim, P.S., Cheung, W.L., and Lassar 
A.B. (1999) pRb is required for MEF2-dependent gene expression 
as well as cell-cycle arrest during skeletal muscle differentiation. 
Curr. Biol. 9:449–459. 
 
Ogawa, H., Ishiguro, K., Gaubatz, S., Livingston, D. M., and 
Nakatani, Y. (2002) A complex with chromatin modifiers that 
occupies E2F- and Myc-responsive genes in G0 cells. Science 
296, 1132–1136.  
 
Olguin, H.C., and Olwin, B.B. (2004) Pax-7 up-regulation inhibits 
myogenesis and cell cycle progression in satellite cells: a potential 
mechanism for self-renewal. Dev. Biol. 275, 375–388.  
 
Olguin, H.C., Yang, Z., Tapscott, S.J., and Olwin, B.B. (2007) 
Reciprocal inhibition between Pax7 and muscle regulatory factors 
modulates myogenic cell fate determination. J. Cell Biol. 177, 769–
779.  
 
Olguin, H.C. (2011) Regulation of Pax7 protein levels by caspase-3 
and proteasome activity in differentiating myoblasts. Biol. Res. 44, 
323–327.  
 
Olsen, J.V., Vermeulen, M., Santamaria, A., Kumar, C., Miller, 
M.L., Jensen, L.J., Gnad, F., Cox, J., Jensen, T.S., Nigg, E.A., 
Brunak, S., and Mann, M. (2010) Quantitative phosphoproteomics 
reveals widespread full phosphorylation site occupancy during 
mitosis. Sci Signal. 3(104):ra3. 
 
Ono, K. and Han, J. (2000) The p38 signal transduction pathway: 
activation and function. Cell Signal 12, 1–13. 
 
Orlicky, S., Tang, X., Willems, A., Tyers, M., and Sicheri, F. (2003) 
Structural basis for phosphodependent substrate selection and 
orientation by the SCFCdc4 ubiquitin ligase. Cell 112, 243–256.  
 
Owens, D. M. and Keyse, S. M. (2007) Differential regulation of 
MAP kinase signaling by dual-specificity protein phosphatases. 
Oncogene 26, 3203–3213. 
 
REFERENCES   
240 
 
Pajcini, K.V., Corbel, S.Y., Sage, J., Pomerantz, J.H., and Blau, 
H.M. (2010) Transient inactivation of Rb and ARF yields 
regenerative cells from postmitotic mammalian muscle. Cell Stem 
Cell. 7(2):198-213. 
 
Palacios, D., Mozzetta, C., Consalvi, S., Caretti, G., Saccone, V., 
Proserpio, V., Marquez, V.E., Valente, S., Mai, A., Forcales, S.V., 
Sartorelli, V., and Puri, P.L. (2010) TNF/p38alpha/polycomb 
signaling to Pax7 locus in satellite cells links inflammation to the 
epigenetic control of muscle regeneration. Cell Stem Cell 7, 455–
469. 
 
Papaconstantinou, J., Wang, C.Z., Zhang, M., Yang, S., Deford, J., 
Bulavin, D.V., and Ansari, N.H. (2015) Attenuation of p38α MAPK 
stress response signaling delays the in vivo aging of skeletal 
muscle myofibers and progenitor cells. Aging (Albany NY). 
7(9):718-33. 
 
Pannerec, A., Formicola, L., Besson, V., Marazzi, G., and Sassoon, 
D.A. (2013) Defining skeletal muscle resident progenitors and their 
cell fate potentials. Development 140, 2879–2891.  
 
Pargellis, C., Tong, L., Churchill, L., Cirillo, P. F., Gilmore, T., 
Graham, A. G., Grob, P. M., Hickey, E. R., Moss, N., Pav, S. and 
Regan, J. (2002) Inhibition of p38 MAP kinase by utilizing a novel 
allosteric binding site. Nat. Struct. Biol. 9, 268–272. 
 
Perdiguero, E., Ruiz-Bonilla, V., Gresh, L., Hui, L., Ballestar, E., 
Sousa-Victor, P., Baeza-Raja, B., Jardí, M., Bosch-Comas, A., 
Esteller, M., Caelles, C., Serrano, A.L., Wagner, E.F., and Muñoz-
Cánoves, P. (2007a) Genetic analysis of p38 MAP kinases in 
myogenesis: fundamental role of p38alpha in abrogating myoblast 
proliferation. EMBO J. 26, 1245–1256.  
 
Perdiguero, E., Ruiz-Bonilla, V., Serrano, A.L., and Munoz-
Canoves, P. (2007b) Genetic deficiency of p38alpha reveals its 
critical role in myoblast cell cycle exit: the p38alpha-JNK 
connection. Cell Cycle 6, 1298–1303. 
 
Pessina, P., Kharraz, Y., Jardí, M., Fukada, S., Serrano, A.L., 
Perdiguero, E., and Muñoz-Cánoves, P. (2015) Fibrogenic Cell 
Plasticity Blunts Tissue Regeneration and Aggravates Muscular 
Dystrophy. Stem cell reports 4, 1046-1060. 
 
  REFERENCES 
241 
 
Pietrangelo, T., Puglielli, C., Mancinelli, R., Beccafico, S., Fanò, G., 
and Fulle, S. (2009) Molecular basis of the myogenic profile of 
aged human skeletal muscle satellite cells during differentiation. 
Experimental gerontology 44, 523-531. 
 
Pirinen, E., Cantó, C., Jo, Y.S., Morato, L., Zhang, H., Menzies, 
K.J., Williams, E.G., Mouchiroud, L., Moullan, N., Hagberg, C., Li, 
W., Timmers, S., Imhof, R., Verbeek, J., Pujol, A., van Loon, B., 
Viscomi, C., Zeviani, M., Schrauwen, P., Sauve, A.A., Schoonjans, 
K., and Auwerx, J. (2014) Pharmacological Inhibition of poly(ADP-
ribose) polymerases improves fitness and mitochondrial function in 
skeletal muscle. Cell Metab. 19(6):1034-41. 
 
Pokholok, D. K., Zeitlinger, J., Hannett, N.M., Reynolds, D.B., and 
Young, R.A. (2006) Activated signal transduction kinases 
frequently occupy target genes. Science 313, 533–536. 
 
Polager S., and Ginsberg, D. (2008) E2F - at the crossroads of life 
and death. Trends Cell Biol. 18(11):528-35.  
 
Porras, A., Zuluaga, S., Black, E., Valladares, A., Alvarez, A.M., 
Ambrosino, C., Benito, M., and Nebreda, A.R. (2004) p38 alpha 
Mitogen-activated Protein Kinase Sensitizes Cells to Apoptosis 
Induced by Different Stimuli. Mol. Biol. Cell 15, 3751–3737. 
 
Price, F.D., von Maltzahn, J., Bentzinger, C.F., Dumont, N.A., Yin, 
H., Chang, N.C., Wilson, D.H., Frenette, J., and Rudnicki, M.A.. 
(2014) Inhibition of JAK-STAT signaling stimulates adult satellite 
cell function. Nat Med 20, 1174- 1181. 
 
Puri, P.L., Balsano, C., Burgio, V.L., Chirillo, P., Natoli, G., Ricci, L., 
Mattei, E., Graessmann, A., and Levrero, M. (1997) MyoD prevents 
cyclinA/cdk2 containing E2F complexes formation in terminally 
differentiated myocytes. Oncogene. 14(10):1171-84. 
 
Puri, P.L., and Sartorelli, V. (2000) Regulation of muscle regulatory 
factors by DNA-binding, interacting proteins, and post-
transcriptional modifications. J. Cell. Physiol. 185, 155–173.  
 
Puri, P.L., Wu, Z., Zhang, P., Wood, L.D., Bhakta, K.S., Han, J., 
Feramisco, J.R., Karin, M., and Wang, J.Y. (2000) Induction of 
terminal differentiation by constitutive activation of p38 MAP kinase 
in human rhabdomyosarcoma cells. Genes Dev. 14(5):574-84. 
 
REFERENCES   
242 
 
Puri, P.L., Iezzi, S., Stiegler, P., Chen, T.T., Schiltz, R.L., Muscat, 
G.E., Giordano, A., Kedes, L., Wang, J.Y., and Sartorelli, V. (2001) 
Class I histone deacetylases sequentially interact with MyoD and 
pRb during skeletal myogenesis. Mol Cell 8: 885-897. 
 
Qin, X.Q., Chittenden, T., Livingston, D.M., and Kaelin, W.G. Jr 
(1992) Identification of a growth suppression domain within the 
retinoblastoma gene product. Genes Dev 6:953-964. 
 
Raingeaud, J., Gupta, S., Rogers, J.S., Dickens, M., Han, J., 
Ulevitch, R.J. and Davis, R. J. (1995) Pro-inflammatory cytokines 
and environmental stress cause p38 mitogen-activated protein 
kinase activation by dual phosphorylation on tyrosine and 
threonine. J. Biol. Chem. 270, 7420–7426.  
 
Raingeaud, J., Whitmarsh, A.J., Barrett, T., Dérijard, B., Davis, R.J. 
(1996) MKK3- and MKK6-regulated gene expression is mediated 
by the p38 mitogen-activated protein kinase signal transduction 
pathway. Mol Cell Biol. 16(3):1247-55. 
 
Rampalli, S., Li, L., Mak, E., Ge, K., Brand, M., Tapscott, S.J., and 
Dilworth, F.J. (2007) p38 MAPK signaling regulates recruitment of 
Ash2L-containing methyltransferase complexes to specific genes 
during differentiation. Nat. Struct. Mol. Biol. 14, 1150–1156. 
 
Ramsey, M.R., and Sharpless, N.E. (2006) ROS as a tumour 
suppressor? Nature Cell Biol. 8, 1213–1215. 
 
Reinhardt, H.C., Aslanian, A.S., Lees, J.A., and Yaffe, M.B. (2007) 
p53-deficient cells rely on ATM- and ATR-mediated checkpoint 
signaling through the p38MAPK/MK2 pathway for survival after 
DNA damage. Cancer Cell 11, 175–189. 
 
Relaix, F., Montarras, D., Zaffran, S., Gayraud-Morel, B., 
Rocancourt, D., Tajbakhsh, S., Mansouri, A., Cumano, A., and 
Buckingham, M. (2006) Pax3 and Pax7 have distinct and 
overlapping functions in adult muscle progenitor cells. J Cell Biol 
172(1):91–102. 
 
Relaix, F., and Zammit, P.S. (2012) Satellite cells are essential for 
skeletal muscle regeneration: the cell on the edge returns centre 
stage. Development. 139(16):2845-56.  
 
  REFERENCES 
243 
 
Reynolds, C.H., Betts, J.C., Blackstock, W.P., Nebreda, A.R. and 
Anderton, B.H. (2000) Phosphorylation sites on tau identified by 
nanoelectrospray mass spectrometry: differences in vitro between 
the mitogen-activated protein kinases ERK2, c-Jun N-terminal 
kinase and p38, and glycogen synthase kinase-3β. J. Neurochem. 
74, 1587–1595. 
 
Rezza, A., Sennett, R., and Rendl, M. (2014) Adult stem cell 
niches: cellular and molecular components. Curr. Top. Dev. Biol. 
107, 333–372. 
 
Roberts, P., McGeachie, J.K., and Grounds, M.D. (1997) The host 
environment determines strain-specific differences in the timing of 
skeletal muscle regeneration: cross-transplantation studies 
between SJL/J and BALB/c mice. J. Anat. 191, 585–594. 
 
Robertson, K.D., Ait-Si-Ali, S., Yokochi, T., Wade, P.A., Jones, 
P.L., and Wolffe, A.P. (2000) DNMT1 forms a complex with Rb, 
E2F1 and HDAC1 and represses transcription from E2F-
responsive promoters. Nat Genet 25:338-342. 
 
Rodier, G., Makris, C., Coulombe, P., Scime, A., Nakayama, K., 
Nakayama, K.I., and Meloche, S. (2005) p107 inhibits G1 to S 
phase progression by down-regulating expression of the F-box 
protein Skp2. J Cell Biol 168:55-66. 
 
Rodgers, J.T., King, K.Y., Brett, J.O., Cromie, M.J., Charville, G.W., 
Maguire, K.K., Brunson, C., Mastey, N., Liu, L., Tsai, C.R., Goodell, 
M.A., and Rando, T.A. (2014) mTORC1 controls the adaptive 
transition of quiescent stem cells from G0 to G(Alert). Nature. 
510(7505):393-6.  
 
Rosenblatt, J.D. (1992) A time course study of the isometric 
contractile properties of rat extensor digitorum longus muscle 
injected with bupivacaine. Comp. Biochem. Physiol. Comp. Physiol. 
101, 361-367. 
 
Rubin, S.M., Gall, A.L., Zheng, N., and Pavletich, N.P. (2005) 
Structure of the Rb C-terminal domain bound to E2F1-DP1: a 
mechanism for phosphorylationinduced E2F release. Cell 123, 
1093–1106. 
 
Rubin, S.M. (2013) Deciphering the retinoblastoma protein 
phosphorylation code. Trends Biochem. Sci. 38, 12–19. 
REFERENCES   
244 
 
Ruiz-Bonilla, V., Perdiguero, E., Gresh, L., Serrano, A.L., Zamora, 
M., Sousa-Victor, P., Jardí, M., Wagner, E.F., and Muñoz-Cánoves 
P. (2008) Efficient adult skeletal muscle regeneration in mice 
deficient in p38beta, p38gamma and p38delta MAP kinases. Cell 
Cycle 7, 2208–2214. 
 
Rushlow, D.E., Mol, B.M., Kennett, J.Y., Yee, S., Pajovic, S., The´ 
riault, B.L., Prigoda-Lee, N.L., Spencer, C., Dimaras, H., Corson, 
T.W., et al. (2013) Characterisation of retinoblastomas without RB1 
mutations: genomic, gene expression, and clinical studies. Lancet 
Oncol. 14, 327–334. 
 
Ruthenburg, A.J., Li, H., Patel, D.J., and Allis, C.D. (2007) 
Multivalent engagement of chromatin modifications by linked 
binding modules. Nat Rev Mol Cell Biol 8: 983-994. 
 
Ryall, J.G., Dell'Orso, S., Derfoul, A., Juan, A., Zare, H., Feng, X., 
Clermont, D., Koulnis, M., Gutierrez-Cruz, G., Fulco, M., and 
Sartorelli, V. (2015) The NAD(+)-dependent SIRT1 deacetylase 
translates a metabolic switch into regulatory epigenetics in skeletal 
muscle stem cells. Cell Stem Cell. 16(2):171-83. 
 
Sabio, G., Arthur, J. S., Kuma, Y., Peggie, M., Carr, J., Murray-Tait, 
V., Centeno, F., Goedert, M., Morrice, N. A. and Cuenda, A. (2005) 
p38γ regulates the localisation of SAP97 in the cytoskeleton by 
modulating its interaction with GKAP. EMBO J. 24, 1134–1145. 
 
Sacco, A., Siepi, F., and Crescenzi, M. (2003) HPV E7 expression 
in skeletal muscle cells distinguishes initiation of the postmitotic 
state from its maintenance. Oncogene 22, 4027–4034. 
 
Sage, J., and Cleary, M.L. (2012) Genomics: the path to 
retinoblastoma. Nature 481, 269–270. 
 
Sambasivan, R., Yao, R., Kissenpfennig, A., Van Wittenberghe, L., 
Paldi, A., Gayraud-Morel, B., Guenou, H., Malissen, B., Tajbakhsh, 
S., and Galy, A. (2011) Pax7-expressing satellite cells are 
indispensable for adult skeletal muscle regeneration. Development. 
138(17):3647–56. 
 
Sangwan, M., McCurdy, S.R., Livne-Bar, I., Ahmad, M., Wrana, 
J.L., Chen, D., and Bremner, R. (2012) Established and new 
mouse models reveal E2f1 and Cdk2 dependency of 
  REFERENCES 
245 
 
retinoblastoma, and expose effective strategies to block tumor 
initiation. Oncogene 31(48):5019-28. 
 
Sartorelli, V., and Caretti, G. (2005) Mechanisms underlying the 
transcriptional regulation of skeletal myogenesis. Curr. Opin. 
Genet. Dev. 15, 528–535.  
 
Schneider, J.W., Gu, W., Zhu, L., Mahdvavi, V., and Nadal-Ginard, 
B. (1994) Reversal of terminal differentiation mediated by p107 in 
RB-/- muscle cells. Science 264:1467–1471. 
 
Schwermann, J., Rathinam, C., Schubert, M., Schumacher, S., 
Noyan, F., Koseki, H., Kotlyarov, A., Klein, C., and Gaestel, M. 
(2009) MAPKAP kinase MK2 maintains self-renewal capacity of 
haematopoietic stem cells. EMBO J. 28:1392–1406. 
 
Schwörer, S., Becker, F., Feller, C., Baig, A.H., Köber, U., Henze, 
H., Kraus, J.M., Xin, B., Lechel, A., Lipka, D.B., Varghese, C.S., 
Schmidt, M., Rohs, R., Aebersold, R., Medina, K.L., Kestler, H.A., 
Neri, F., von Maltzahn, J., Tümpel, S., and Rudolph, K.L. (2016) 
Epigenetic stress responses induce muscle stem-cell ageing by 
Hoxa9 developmental signals. Nature. 15;540(7633):428-432.  
 
Scott, P.H., Cairns, C.A., Sutcliffe, J.E., Alzuherri, H.M., McLees, 
A., Winter, A.G., White, R.J. (2001) Regulation of RNA polymerase 
III transcription during cell cycle entry. J J Biol Chem  276:1005-
1014. 
 
Sdek, P., Oyama, K., Angelis, E., Chan, S.S., Schenke-Layland, K., 
MacLellan, W.R. (2013) Epigenetic regulation of myogenic gene 
expression by heterochromatin protein 1 alpha. PLoS One 8: 
e58319.  
 
Seale, P., Sabourin, L.A., Girgis-Gabardo, A., Mansouri, A., Gruss, 
P., and Rudnicki, M.A. (2000) Pax7 is required for the specification 
of myogenic satellite cells. Cell 102(6):777–786. 
 
Seale, P., Ishibashi, J., Scime, A., and Rudnicki, M.A. (2004) Pax7 
is necessary and sufficient for the myogenic specification of 
CD45:Sca1 stem cells from injured muscle. PLoS Biol 2: E130. 
 
Sebastian, S., Sreenivas, P., Sambasivan, R., Cheedipudi, S., 
Kandalla, P., Pavlath, G.K., and Dhawan, J. (2009) MLL5, a 
trithorax homolog, indirectly regulates H3K4 methylation, represses 
REFERENCES   
246 
 
cyclin A2 expression, and promotes myogenic differentiation. Proc 
Natl Acad Sci USA 106: 4719-4724.  
 
Segales, J., Perdiguero, E., and Munoz-Canoves, P. (2015) 
Epigenetic control of adult skeletal muscle stem cell functions. 
FEBS J. 282, 1571–1588. 
 
Segales, J., Islam, A.B., Kumar, R., Liu, Q.C., Sousa-Victor, P., 
Dilworth, F.J., Ballestar, E., Perdiguero, E., and Muñoz-Cánoves, 
P. (2016a) Chromatin-wide and transcriptome profiling integration 
uncovers p38alpha MAPK as a global regulator of skeletal muscle 
differentiation. Skelet. Muscle 6:9. 
 
Segalés, J., Perdiguero, E., and Muñoz-Cánoves, P. (2016b) 
Regulation of Muscle Stem Cell Functions: A Focus on the p38 
MAPK Signaling Pathway. Front Cell Dev Biol. 4:91. 
 
Serra, C., Palacios, D., Mozzetta, C., Forcales, S.V., Morantte, I., 
Ripani, M., Jones, D.R., Du, K., Jhala, U.S., Simone, C., and Puri, 
P.L. (2007) Functional interdependence at the chromatin level 
between the MKK6/p38 and IGF1/PI3K/AKT pathways during 
muscle differentiation. Mol. Cell 28, 200–213. 
 
Sever-Chroneos, Z., Angus, S.P., Fribourg, A.F., Wan, H., 
Todorov, I., Knudsen, K.E., and Knudsen, E.S. (2001)  
Retinoblastoma tumor suppressor protein signals through inhibition 
of cyclin-dependent kinase 2 activity to disrupt PCNA function in S 
phase. Mol Cell Biol 21:4032-4045. 
 
Shadrach, J.L., and Wagers, A.J. (2011) Stem cells for skeletal 
muscle repair. Philos. Trans. R. Soc. Lond. B: Biol. Sci. 366, 2297–
2306. 
 
Shahbazian, M.D., and Grunstein, M. (2007) Functions of site-
specific histone acetylation and deacetylation. Annu Rev Biochem 
2007; 76: 75-100. 
 
Shao, L. et al. Reactive oxygen species and hematopoietic stem 
cell senescence. Int. J. Hematol. 94, 24–32 (2011). 
 
Shaul, Y.D., and Seger, R. (2007) The MEK/ERK cascade: from 
signaling specificity to diverse functions. Biochim Biophys Acta.  
1773(8):1213-26.  
 
  REFERENCES 
247 
 
She, Q.-B., Bode, A.M., Ma, W.-Y., Chen, N.-Y., and Dong, Z. 
(2001) Resveratrol-induced activation of p53 and apoptosis is 
mediated by extracellular- signal-regulated protein kinases and p38 
kinase. Cancer Res. 61, 1604–1610. 
 
She, Q.B., Chen, N., and Dong, Z. (2000) ERKs and p38 kinase 
phosphorylate p53 protein at serine 15 in response to UV radiation. 
J. Biol. Chem. 275, 20444–20449. 
 
Shea, K. L., Xiang, W., LaPorta, V.S., Licht, J.D., Keller, C., 
Basson, M.A., and Brack, A.S. (2010) Sprouty1 regulates 
reversible quiescence of a self-renewing adult muscle stem cell 
pool during regeneration. Cell Stem Cell 6, 117-129. 
 
Shefer, G., Van de Mark, D.P., Richardson, J.B., and Yablonka-
Reuveni, Z. (2006) Satellite-cell pool size does matter: defining the 
myogenic potency of aging skeletal muscle. Developmental biology 
294, 50-66. 
 
Shefer, G., Rauner, G., Yablonka-Reuveni, Z., and Benayahu, D. 
(2010) Reduced satellite cell numbers and myogenic capacity in 
aging can be alleviated by endurance exercise. PLoS One 5, 
e13307. 
 
Sherr, C., and Roberts, J. (1999) CDK inhibitors: positive and 
negative regulators of G1-phase progression. Genes Dev 13:1501-
1512.  
 
Shveygert, M., Kaiser, C., Bradrick, S.S., and Gromeier, M. (2010) 
Regulation of eukaryotic initiation factor 4E (eIF4E) 
phosphorylation by mitogen-activated protein kinase occurs 
through modulation of Mnk1-eIF4G interaction. Mol. Cell. Biol. 30, 
5160–5167. 
 
Siles, L., Sanchez-Tillo, E., Lim, J.W., Darling, D.S., Kroll, K.L., and 
Postigo, A. (2013) ZEB1 imposes a temporary stage-dependent 
inhibition of muscle gene expression and differentiation via CtBP-
mediated transcriptional repression. Mol. Cell. Biol. 33, 1368–1382.  
 
Simone, C., Forcales, S.V., Hill, D.A., Imbalzano, A.N., Latella, L., 
and Puri, P.L. (2004) p38 pathway targets SWI-SNF chromatin-
remodeling complex to muscle-specific loci. Nat. Genet.36:738-
743. 
 
REFERENCES   
248 
 
Singh, K., and Dilworth, F.J. (2013) Differential modulation of cell 
cycle progression distinguishes members of the myogenic 
regulatory factor family of transcription factors. FEBS J. 280, 3991–
4003.  
 
Sinha, M., Jang, Y.C., Oh, J., Khong, D., Wu, E.Y., Manohar, R., 
Miller, C., Regalado, S.G., Loffredo, F.S., Pancoast, J.R., 
Hirshman, M.F., Lebowitz, J., Shadrach, J.L., Cerletti, M., Kim, 
M.J., Serwold, T., Goodyear, L.J., Rosner, B., Lee, R.T., and 
Wagers, A.J. (2014) Restoring systemic GDF11 levels reverses 
age-related dysfunction in mouse skeletal muscle. Science 344, 
649–652. 
 
Soleimani, V.D., Punch, V.G., Kawabe, Y., Jones, A.E., Palidwor, 
G.A., Porter, C.J., Cross, J.W., Carvajal, J.J., Kockx, C.E., van 
Ijcken, W.F., Perkins, T.J., Rigby, P.W., Grosveld, F., and Rudnicki, 
M.A. (2012a) Transcriptional dominance of Pax7 in adult 
myogenesis is due to high-affinity recognition of homeodomain 
motifs. Dev. Cell 22, 1208–1220. 
 
Soleimani, V.D., Yin, H., Jahani-Asl, A., Ming, H., Kockx, C.E., Van 
Ijcken, W.F., Grosveld, F., and Rudnicki, M.A. (2012b) Snail 
regulates MyoD binding-site occupancy to direct enhancer 
switching and differentiation-specific transcription in myogenesis. 
Mol. Cell 47, 457–468. 
 
Sousa-Victor, P., Gutarra, S., García-Prat, L, Rodriguez-Ubreva, J., 
Ortet, L, Ruiz-Bonilla, V., Jardí, M., Ballestar, E., González, S., 
Serrano, A.L., Perdiguero, E., and Muñoz-Cánoves, P. (2014a) 
Geriatric muscle stem cells switch reversible quiescence into 
senescence. Nature 506, 316-321.  
 
Sousa-Victor, P., Perdiguero, E., and Munoz-Canoves, P. (2014b). 
Geroconversion of aged muscle stem cells under regenerative 
pressure. Cell Cycle 13, 3183–3190. 
 
Sousa-Victor, P., García-Prat, L., Serrano, A.L., Perdiguero, E., 
and Muñoz-Cánoves, P. (2015) Muscle stem cell aging: regulation 
and rejuvenation. Trends Endocrinol Metab. 26(6):287-96. 
 
Stein, L.R., and Imai, S. (2014) Specific ablation of Nampt in adult 
neural stem cells recapitulates their functional defects during aging. 
EMBO J. 33(12):1321-40. 
 
  REFERENCES 
249 
 
Stojic, L., Jasencakova, Z., Prezioso, C., Stutzer, A., Bodega, B., 
Pasini, D., Klingberg, R., Mozzetta, C., Margueron, R., Puri, P.L., 
Schwarzer, D., Helin, K., Fischle, W., and Orlando, V. (2011) 
Chromatin regulated interchange between polycomb repressive 
complex 2 (PRC2)-Ezh2 and PRC2-Ezh1 complexes controls 
myogenin activation in skeletal muscle cells. Epigenetics 
Chromatin 4:16. 
 
Stone, A., Sutherland, R.L., and Musgrove, E.A. (2012) Inhibitors of 
cell cycle kinases: recent advances and future prospects as cancer 
therapeutics. Crit. Rev. Oncog. 17, 175–198. 
 
Suelves, M., Lluís, F., Ruiz, V., Nebreda, A.R., and Muñoz-
Cánoves, P. (2004) Phosphorylation of MRF4 transactivation 
domain by p38 mediates repression of specific myogenic genes. 
EMBO J. 23, 365–375. 
 
Suelves, M., Carrió, E., Núñez-Álvarez, Y., and Peinado, M.A. 
(2016) DNA methylation dynamics in cellular commitment and 
differentiation. Brief Funct Genomics. 15(6):443-453.  
 
Sun, P., Yoshizuka, N., New, L., Moser, B.A., Li, Y., Liao, R., Xie, 
C., Chen, J., Deng, Q., Yamout, M., Dong, M.Q., Frangou, C.G., 
Yates, J.R. 3rd, Wright, P.E., and Han, J. (2007) PRAK is essential 
for ras-induced senescence and tumor suppression. Cell. 
128(2):295-308. 
 
Takahashi, Y., Rayman, J., and Dynlacht, B. (2000) Analysis of 
promoter binding by the E2F and pRB families in vivo: distinct E2F 
proteins mediate activation and repression. Genes Dev 14:804-
816. 
 
Takahashi, C., Bronson, R.T., Socolovsky, M., Contreras, B., Lee, 
K.Y., Jacks, T., Noda, M., Kucherlapati, R., and Ewen, M.E. (2003) 
Rb and N-ras function together to control differentiation in the 
mouse. Mol. Cell. Biol. 23, 5256–5268.  
 
Takahashi, A., Ohtani, N., Yamakoshi, K., Iida, S., Tahara, H., 
Nakayama, K., Nakayama, K.I., Ide, T., Saya, H., and Hara, E. 
(2006) Mitogenic signalling and the p16INK4a-Rb pathway 
cooperate to enforce irreversible cellular senescence. Nat Cell Biol. 
8(11):1291-7. 
 
REFERENCES   
250 
 
Tamura, K., Sudo, T., Senftleben, U., Dadak, A.M., Johnson, R., 
and Karin, M. (2000) Requirement for p38alpha in erythropoietin 
expression: a role for stress kinases in erythropoiesis. Cell. 
102:221-231. 
 
Tapscott, S.J., Thayer, M.J., and Weintraub. H. (1993) Deficiency 
in Rhabdomyosarcoma of a factor required for MyoD activity and 
myogenesis. Science 259: 1450–1453. 
 
Thornton, T.M., and Rincon, M. (2009) Non-Classical p38 Map 
Kinase Functions: Cell Cycle Checkpoints and Survival. 5, 44–52. 
 
Tiedje, C., Ronkina, N., Tehrani, M., Dhamija, S., Laass, K., 
Holtmann, H., Kotlyarov, A., and Gaestel, M. (2012). The p38/MK2- 
Driven Exchange between Tristetraprolin and HuR Regulates 
AURich Element-Dependent Translation. PLoS Genet. 8. 
 
Tiedje, C., Holtmann, H., and Gaestel, M. (2014). The role of 
mammalian MAPK signaling in regulation of cytokine mRNA 
stability and translation. J. Interf. Cytokine Res. 34, 220–232. 
 
Tierney, M.T., Aydogdu, T., Sala, D., Malecova, B., Gatto, S., Puri, 
P.L., Latella, L., and Sacco, A. (2014) STAT3 signaling controls 
satellite cell expansion and skeletal muscle repair. Nat Med. 
20(10):1182-6. 
 
Tivey, H.S., Rokicki, M.J., Barnacle, J.R., Rogers, M.J., Bagley, 
M.C., Kipling, D., and Davis, T. (2013) Small molecule inhibition of 
p38 MAP kinase extends the replicative life span of human ATR-
Seckel syndrome fibroblasts. J. Gerontol. A Biol. Sci. Med. Sci. 68, 
1001–1009. 
 
Tiwari, V. K., Stadler, M.B., Wirbelauer, C., Paro, R., Schubeler, D., 
and Beisel, C. (2012) A chromatin-modifying function of JNK during 
stem cell differentiation. Nat. Genet. 44, 94–100. 
 
Trempolec, N., Dave-Coll, N., and Nebreda, A.R. (2013) SnapShot: 
p38 MAPK substrates. Cell 152, 924–924.e1. 
 
Trimarchi, J. M., Farichild, B., Wen, J., and Lees, J. A. (2001) The 
E2F6 transcription factor is a component of the mammalian Bmi1-
containing polycomb complex. Proc. Natl Acad. Sci. USA 98, 
1519–1524.  
 
  REFERENCES 
251 
 
Trimarchi, J.M., and Lees, J.A. (2002) Sibling rivalry in the E2F 
family. Nature Rev. Mol. Cell Biol. 3, 11–20.  
 
Troy, A., Cadwallader, A.B., Fedorov, Y., Tyner, K., Tanaka, K.K., 
and Olwin, B.B. (2012) Coordination of satellite cell activation and 
self-renewal by Par-complex-dependent asymmetric activation of 
p38alpha/beta MAPK. Cell Stem Cell 11, 541–553. 
 
Tzarum, N., Diskin, R., Engelberg, D., and Livnah, O. (2011) Active 
mutants of the TCR-mediated p38α alternative activation site show 
changes in the phosphorylation lip and DEF site formation. J Mol 
Biol. 405(5):1154-69.  
 
Vahidi Ferdousi, L., Rocheteau, P., Chayot, R., Montagne, B., 
Chaker, Z., Flamant, P., Tajbakhsh, S., and Ricchetti, M. (2014) 
More efficient repair of DNA double-strand breaks in skeletal 
muscle stem cells compared to their committed progeny. Stem Cell 
Res. 13, 492–507. 
 
van den Heuvel, S., and Dyson, N.J. (2008) Conserved functions of 
the pRB and E2F families. Nat. Rev. Mol. Cell Biol. 9, 713–724. 
 
van Deursen, J.M. (2014) The role of senescent cells in ageing. 
Nature 509, 439-446. 
 
Vandel, L., Nicolas, E., Vaute, O., Ferreira, R., Ait-Si-Ali, S., and 
Trouche, D. (2001) Transcriptional repression by the 
retinoblastoma protein through the recruitment of a histone 
methyltransferase. Mol Cell Biol 21:6484-6494. 
 
Vandromme, M., Chailleux, C., Escaffit, F., and Trouche, D. (2008) 
Binding of the retinoblastoma protein is not the determinant for 
stable repression of some E2F-regulated promoters in muscle 
cells. Mol Cancer Res. 6(3):418-25. 
 
Vasudevan, S. (2012) Posttranscriptional upregulation by 
microRNAs. Wiley Interdiscip Rev RNA 3: 311-330. 
 
Vélez-Cruz, R., and Johnson, D.G. (2012) E2F1 and p53 
Transcription factors as accessory factors for nucleotide excision 
repair. Int. J. Mol. Sci. 13, 13554–13568. 
 
Vélez-Cruz, R., Manickavinayaham, S., Biswas, A.K., Clary, R.W., 
Premkumar, T., Cole, F. and Johnson, D.G. (2016) RB localizes to 
REFERENCES   
252 
 
DNA double-strand breaks and promotes DNA end resection and 
homologous recombination through the recruitment of BRG1. 
Genes Dev. 30(22):2500-2512. 
 
Vélez-Cruz, R., and Johnson, D.G. (2017) The Retinoblastoma 
(RB) Tumor Suppressor: Pushing Back against Genome Instability 
on Multiple Fronts. Int J Mol Sci. 18(8). 
 
Verdijk, L.B., Dirks, M.L., Snijders, T., Prompers, J.J., Beelen, M., 
Jonkers, R.A., Thijssen, D.H, Hopman, M.T., and Van Loon, L.J. 
(2012) Reduced satellite cell numbers with spinal cord injury and 
aging in humans. Med Sci Sports Exerc 44(12):2322–2330.  
 
Verdijk, L.B., Snijders, T., Drost, M., Delhaas, T., Kadi, F., and van 
Loon, L.J. (2014) Satellite cells in human skeletal muscle; from 
birth to old age. Age 36(2):545–547.  
 
Verona, R., Moberg, K., Estes, S., Starz, M., Vernon, J.P., and 
Lees, J.A. (1997) E2F Activity is regulated by cell-cycle-dependent 
changes in subcellular localization. Mol Cell Biol 17:7268-7282. 
 
Villeda, S.A., Luo, J., Mosher, K.I., Zou, B., Britschgi, M., Bieri, G., 
Stan, T.M., Fainberg, N., Ding, Z., Eggel, A., Lucin, K.M., Czirr, E., 
Park, J.S., Couillard-Després, S., Aigner, L., Li, G., Peskind, E.R., 
Kaye, J.A., Quinn, J.F., Galasko, D.R., Xie, X.S., Rando, T.A., and 
Wyss-Coray, T. (2011) The ageing systemic milieu negatively 
regulates neurogenesis and cognitive function. Nature 477, 90-94. 
 
von Maltzahn, J., Jones, A.E., Parks, R.J., and Rudnicki, M.A. 
(2013) Pax7 is critical for the normal function of satellite cells in 
adult skeletal muscle. Proc Natl Acad Sci U S A. 110(41):16474–9.  
 
Voncken, J.W., Niessen, H., Neufeld, B., Rennefahrt, U., 
Dahlmans, V., Kubben, N., Holzer, B., Ludwig, S., and Rapp, U.R. 
(2005) MAPKAP kinase 3pK phosphorylates and regulates 
chromatin association of the polycomb group protein Bmi1. J. Biol. 
Chem. 280:5178–5187. 
 
Wagers, A.J., and Conboy, I.M. (2005) Cellular and molecular 
signatures of muscle regeneration: current concepts and 
controversies in adult myogenesis. Cell 122, 659-667. 
 
  REFERENCES 
253 
 
Wagner, E.F., and Nebreda, A.R. (2009) Signal integration by JNK 
and p38 MAPK pathways in cancer development. Nat Rev Cancer. 
9(8):537-49. 
 
Wang, S., Nath, N., Minden, A., and Chellappan, S. (1999) 
Regulation of Rb and E2F by signal transduction cascades: 
divergent effects of JNK1 and p38 kinases. EMBO J. 18, 1559–
1570. 
 
Wang, W., Chen, J..X., Liao, R., Deng, Q., Zhou, J.J., Huang, S., 
and Sun, P. (2002) Sequential activation of the MEK-extracellular 
signal-regulated kinase and MKK3/6-p38 mitogen-activated protein 
kinase pathways mediates oncogenic ras-induced premature 
senescence. Mol Cell Biol. 22(10):3389-403. 
 
Wang, X., and Tournier, C. (2006). Regulation of cellular functions 
by the ERK5 signalling pathway. 18, 753–760. 
 
Wang, H., Xu, Q., Xiao, F., Jiang, Y., and Wu, Z. (2008) 
Involvement of the p38 mitogen-activated protein kinase alpha, 
beta, and gamma isoforms in myogenic differentiation. Mol. Biol. 
Cell 19, 1519–1528. 
 
Wang, Y.X., Dumont, N.A., and Rudnicki, M.A. (2014) Muscle stem 
cells at a glance. J. Cell Sci. 127, 4543–4548. 
 
Weinberg, R.A. (1995) The retinoblastoma protein and cell cycle 
control. Cell 81, 323–330. 
 
Wells, J., Boyd, K., Fry, C., Bartley, S., and Farnham, P. (2000) 
Target gene specificity of E2F and pocket protein family members 
in living cells. Mol Cell Biol 20:5797-5807. 
 
Wells, J., Yan, P.S., Cechvala, M., Huang, T., and Farnham, P.J. 
(2003) Identification of novel pRb binding sites using CpG 
microarrays suggests that E2F recruits pRb to specific genomic 
sites during S phase. Oncogene 22, 1445–1460. 
 
White, R.J., Trouche, D., Martin, K., Jackson, S.P., and 
Kouzarides, T. (1996) Repression of RNA polymerase III 
transcription by the retinoblastoma protein. Nature 382:88-90. 
 
Wiggin, G.R., Soloaga, A., Foster, J.M., Murray-Tait, V., Cohen, P., 
and Arthur, J.S.C. (2002) MSK1 and MSK2 are required for the 
REFERENCES   
254 
 
mitogen- and stress-induced phosphorylation of CREB and ATF1 in 
fibroblasts. Mol. Cell. Biol. 22, 2871–2881. 
 
Williams, J.P., Stewart, T., Li, B., Mulloy, R., Dimova, D., and 
Classon, M. (2006) The retinoblastoma protein is required for Ras-
induced oncogenic transformation. Mol Cell Biol 26:1170-1182.  
 
Witkiewicz, A.K., Ertel, A., McFalls, J., Valsecchi, M.E., Schwartz, 
G., and Knudsen, E.S. (2012) RB-pathway disruption is associated 
with improved response to neoadjuvant chemotherapy in breast 
cancer. Clin. Cancer Res. 18, 5110–5122. 
 
Wong, E.S., Le Guezennec, X., Demidov, O.N., Marshall, N.T., 
Wang, S.T., Krishnamurthy, J., Sharpless, N.E., Dunn, N.R., and 
Bulavin, D.V. (2009) p38MAPK controls expression of multiple cell 
cycle inhibitors and islet proliferation with advancing age. Dev. Cell 
17, 142–149. 
 
Woo, M.S.-A., Sanchez, I., and Dynlacht, B.D. (1997) p130 and 
p107 use a conserved domain to inhibit cellular cyclin-dependent 
kinase activity. Mol Cell Biol 17:3566-3579. 
 
Wu, Z., Woodring, P.J., Bhakta, K.S., Tamura, K., Wen, F., 
Feramisco, J.R., Karin, M., Wang, J.Y., and Puri, P.L. (2000) p38 
and extracellular signal-regulated kinases regulate the myogenic 
program at multiple steps. Mol. Cell. Biol. 20, 3951–3964. 
 
Xiao, B., Spencer, J., Clements, A., Ali-Khan, N., Mittnacht, S., 
Broceño, C., Burghammer, M., Perrakis, A., Marmorstein, R., and 
Gamblin, S.J. (2003) Crystal structure of the retinoblastoma tumor 
suppressor protein bound to E2F and the molecular basis of its 
regulation. Proc. Natl. Acad. Sci. USA. 100, 2363–2368. 
 
Yannoni, Y.M., Gaestel, M., and Lin L.L. (2004) P66(ShcA) 
interacts with MAPKAP kinase 2 and regulates its activity. FEBS 
Lett. 564:205–211. 
 
Yao, G., Lee, T.J., Mori, S., Nevins, J.R., and You, L. (2008) A 
bistable Rb-E2F switch underlies the restriction point. Nature Cell 
Biol 10:476-482.  
 
Yoshino, J., Mills, K.F., Yoon, M.J., and Imai, S. (2011) 
Nicotinamide mononucleotide, a key NAD(+) intermediate, treats 
  REFERENCES 
255 
 
the pathophysiology of diet- and age-induced diabetes in mice. Cell 
Metab. 14(4):528-36. 
 
Zacksenhaus, E., Jiang, Z., Chung, D., Marth, J.D., Phillips, R.A., 
and Gallie, B.L. (1996) pRb controls proliferation, differentiation, 
and death of skeletal muscle cells and other lineages during 
embryogenesis. Genes Dev. 10:3051–3064. 
 
Zamanian, M., and Thangue, N.B.L. (1993) Transcriptional 
repression by the Rb-related protein p107. Mol Biol Cell 4:389-396. 
 
Zammit, P.S., Heslop, L., Hudon, V., Rosenblatt, J.D., Tajbakhsh, 
S., Buckingham, M.E., Beauchamp, J.R., and Partridge, T.A. 
(2002) Kinetics of myoblast proliferation show that resident satellite 
cells are competent to fully regenerate skeletal muscle fibers. Exp 
Cell Res 281, 39-49. 
 
Zarkowska, T., and Mittnacht, S. (1997) Differential 
phosphorylation of the retinoblastoma protein by G1/S cyclin-
dependent kinases. J Biol Chem. 272(19):12738-46.  
 
Zetser, A., Gredinger, E., and Bengal, E. (1999) p38 mitogen-
activated protein kinase pathway promotes skeletal muscle 
differentiation. Participation of the Mef2c transcription factor. J. 
Biol. Chem. 274, 5193–5200. 
 
Zhang, Y., Liu, G., and Dong, Z. (2001) MSK1 and JNKs Mediate 
Phosphorylation of STAT3 in UVA-irradiated Mouse Epidermal JB6 
Cells. J. Biol. Chem. 276, 42534–42542. 
 
Zhang, Y., Cho, Y.Y., Petersen, B.L., Zhu, F., and Dong, Z. (2004) 
Evidence of STAT1 phosphorylation modulated by MAPKs, MEK1 
and MSK1. Carcinogenesis 25, 1165–1175. 
 
Zhang, Y.Y., Mei, Z.Q., Wu, J.W. and Wang, Z.X. (2008) Enzymatic 
activity and substrate specificity of mitogen-activated protein kinase 
p38α in different phosphorylation states. J. Biol. Chem. 283, 
26591–26601. 
 
Zhang, J., Benavente, C.A., McEvoy, J., Flores-Otero, J., Ding, L., 
Chen, X., Ulyanov, A., Wu, G., Wilson, M., Wang, J., et al. (2012) A 
novel retinoblastoma therapy from genomic and epigenetic 
analyses. Nature 481, 329–334. 
 
REFERENCES   
256 
 
Zhang, H., Ryu, D., Wu, Y., Gariani, K., Wang, X., Luan, P., 
D'Amico, D., Ropelle, E.R., Lutolf, M.P., Aebersold, R., 
Schoonjans, K., Menzies, K.J., and Auwerx, J. (2016) NAD⁺ 
repletion improves mitochondrial and stem cell function and 
enhances life span in mice. Science. 352(6292):1436-43. 
 
Zhu, L., Harlow, E., and Dynlacht, B.D. (1995) p107 uses a 
p21CIP1-related domain to bind cyclin/cdk2 and regulate 
interactions with E2F. Genes Dev 9:1740-1752. 
 
Zismanov, V., Chichkov, V., Colangelo, V., Jamet, S., Wang, S., 
Syme, A., Koromilas, A.E., and Crist, C. (2016) Phosphorylation of 
eIF2α Is a Translational Control Mechanism Regulating Muscle 
Stem Cell Quiescence and Self-Renewal. Cell Stem Cell 18, 79–
90.  
 
Zwetsloot, K.A., Childs, T.E., Gilpin, L.T., and Booth, F.W. (2013) 
Non-passaged muscle precursor cells from 32-month old rat 
skeletal muscle have delayed proliferation and differentiation. Cell 
Prolif 46(1):45–57.  
 
 
